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Introduction 


During the report period, work was continued on che effects of high 
energy radiation on graphite fiber reinforced con^sites. Included were 
studies of T300/S208 and C6000/PHR1S composites, T300 fibers and the resin 
system MY720/DOS (tetraglycidyl-4,4'-diaminodiphenyl methane cured with 
diminodiphenyl sulfone) . Badiation dose levels up to 8000 Mrads have been 
obtained with no deleterious effects on the breaking stress or modulus, nte 
effects on the structure and morphology have been investigated using 
mechanical tests, electron spin resonance. X-ray diffraction, emd electron 
spectroscopy for chemical analysis (ESCA or X-ray pAiotoelectron spectroscopy) • 
Details of these experiments and results are given below. In addition, we 
have continued studies of the fracture surfaces of irradiated samples with 
scanning electron microscopy and, at this time, our results indicate no 
differences in the morphology of irradiated and control samples. 

II. Mechanical Tests of Irradiated S«unples 

The objective of this experiment was to examine the long-term effects of 
radiation on the mechaniced properties, specifically ultimate stress and 
modulus measured by a three point bonding test, of unidirectional graphite 
fiber reinforced composites. Ihree different types of samples were used, 
namely T300/5208, C6000/PMR15 L, and C6000/PMR15 T. In the first two types 
the fiber axis is aligned to the longitudinal direction of the composite, 
whereas in the latter the fiber eucis is aligned to the composite transverse 
direction. 

The samples were placed in petri dishes and pre-vacuumed for one week in 
a heated desiccator at 80*C. Ihey were placed in aluminum foil packages and 
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pre-vacuumed another week at 80*C. Inunediately prior to irradiation, each 
foil package was vacuumed and heat-sealed through a glass tube* These 
packages were placed in nitrogen-filled Ziploc Baggies* during irradiation. 
Another set of S 2 unples was pre-vacuumed for one week in a heated desiccator at 
80*C. These samples were attached inside Ziploc Baggies* using masking tape 
and were irradiated in air. 

The seunples were exposed to various levels of 0*5 MeV electron radiation 
with the maximum dose being 8000 Mrad. After irradiation, the samples were 
conditioned in a conditioned testing lab (70*F, 65% RH) for a minimum of two 
weeks before mechanical tests were performed. A three-point bending test was 
used to evaluate the ultimate stress and modulus of the composites. The 
8£unples were tested in rotating order to avoid machine bias in euiy given type. 

The results of the mechanical tests ue plotted in Figures 1-6 as a 
function of radiation dose for samples irradiated in air and in vacuum. For 
the T300/5208 samples, there was an increase in stress with radiation dose 
which was statistically significant. The value for the 8000 Mrad level was 
approximately 5-1/2% higher than the control value. The modulus values 
remained approximately constant with radiation dose for the T300/5208 samples. 
The stress and modulus data for the C6000/PMR15 L samples were somewhat 
variable and no trends were apparent. For the C6000/PMR15 T samples, the 
stress values showed an overall downward trend with increasing radiation dose; 
however, this decrease was not statistically significant. There were no 
significant differences between stress or modulus values of samples irradiated 
in air and those irradiated in vacuum. 

One can conclude from this experiment that degradation due to radiation 
exposure is not apparent in longitudinal unidirectional samples until 
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extremely high dosesr e»g. greater than 8000 Mradf are reached* On the other 
hand, transverse samples exhibit slight degradation at low levels of 
radiation. These tests are essentially a measure of matrix and/or interface 
properties* 

III* Mechanical Tests of Soaked Samples 

The objective of these experiments was to study the effect of' moisture on 
the mechanical properties of unidirectional graphite fiber reinforced 
composites* In_the first experiment, six samples of each type were soaked in 
distilled water for one week at coon temperature* The samples were taken from 
the water, surface dried, and tested with no laboratory conditioning* The 
ultimate stress and modulus values as determined by the three-point bending 
test are given in Table 1* The stress and modulus of the soaked T300/5208 
samples showed a statistically significant increase over the dry samples* The 
C6000/PNR15 L samples exhibited a similar trend but the increase was not 
statistically significant* The stress and modulus values of the 
C6000/PMR15 T samples decreased upon soaking, but again this was not 
statistically significant* 
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Table 1 

Itesults of Three -Point Bending Test 


Composite 

Stress (•5^) 
cm 


Modulus 

cm 

Type 

Dry 

Soaked 


Dry 

Soaked 

T300/5208 

■ 

21,700 

22,400* 


1,380,000 

1,420,000* 

C6000/PMR 15 
longitudinal 

19#900 

20,200 


971,000 

993,000 

C6000/PMR 15 
transverse 

981 

807 


74,800 

73,500 


^denotes significance at the 5% level but not at the 1% level 

Note: Bach value represents the mean of € samples. 

Samples were soaked one vreek at room temperature. 

To examine the effects of prolonged soaking^ the above experiment was 
repeated with samples being soaked for four weeks at 80*C. The results of the 
three-point bending test are given in Table 2. The same trends were observed 
as in the previous experiment# but in this case the only statistically 
significant change was the decrease in stress for C6000/PMR 15 T. 
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Table 2 

Results of fRiree-Point Bending Test 


Composite 

Stress (•— 
cm 

Modulus 

cm 

Type 

Dry 

Soaked 

Dry 

Soaked 

T300/520B 

21*700 

22*000 

1*380*000 

1*350,000 

C6000/FMR 15 
longitudinal 

19*800 

21*000 

971,000 

1*060,000 

C6000/FMR 15 
transverse 

981 

751* 

74,826 

73*914 


*denotes significant difference (at 5% Md 1% levels) 

Note: Each value represents the mean of 6 samples. 

SaiQples were soaked 4 weeks at 80*C. 

A third experiment was conducted to see if changes were time -dependent 
within the scope of the experiment. To ensure that all samples were I 

completely dried out prior to soaking* the s^unples were pre-vacuumed. Mine 
samples of each type were placed in a vacuum desiccator at 80*C and vacuum 
pumped for three weeks. As before* samples %rere soaked in distilled water at 
80*C. In this experiment* two exposure times were used — 400 hours and 800 
hours. Control samples remained in the heated desiccator during the soaking 
period. *nie results of the three-point bending test are given in Table 3. 

For both types of longitudinal samples* the stress and modulus for the control 
and soaked samples were approximately the same. FOr the C6000/PNR15 T 
seunples* the stress values of the soaked samples were significantly lower. 

The modulus values were also lower. 


i* 

i. 
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Table 3 

Results of Thcee-Point Bending Test 


Composite 

Stress ) 

cm 


Modulus 

cm* 

Type 

Control 

. 

400 hr 

800 hr 


Control 

400 hr 

800 hr 

T300/5208 

20,900 

21,100 

21,000 


1,340,000 

1,310,000 


1,300,000 

C6000/FNR 15 
longitudinal 

20,500 

19,200 

20,400 


1,100,000 

914,000 


1,060,000 

C6000/PMR 15 
transverse 

■ 1,020 

842* 

805* 


79,700 

73,300 

_ 

75,100 


^denotes significance at the St level but not at the 1% level. 

Note: Each value represents the mean of 3 santples. 

Samples were soaked at 80*C. 

This experiment indicates that time is apparently not a factor in 
influencing changes in mechanical properties on a short-term scale. The 
increased stress and modulus observed when longitudinal samples were soaked 
probably are a result of internal stresses being relieved. The decrease in 
stress and modulus values upon soaking transverse samples is probably due to 
moisture absorption by the resin. It should be noted that similar trends are 
observed when composite samples are subjected to moisture and radiation. 

IV. Preliminary ESCA Results 

The objective of this experiment was to see if irradiation had an effect 


i 


on the surface elements present in the graphite fiber composites, particularly 
since crosslinking of the resin was expected. The surface technique used to 
study composite samples was electron spectroscopy for chemical analysis 
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(BSCA) or x-ray photoelectron spectroscopy (XPS) . ntis technique identifies 
elements with the exception of hydrogen, present on the surface of the 
specimen, and associates the binding energies detected to specific elements. 

By measuring the shift in binding energy of a particular element, one can 
assess the chemical bonding state of the element. 

Three control samples of T300/5208 and three samples irradiated to 
8000 Mrad were studied* The sample surfaces were washed with acetone prior to 
examination* For the control seunples, the major elements were C 2 uid 0 and the 
minor elements were 8, F, N, Cl, Na, and Si* For the irradiated samples, the 
major elements were C and 0 <md the minor elements were S, N, Cl, ha. Si, 
and Al* Table 4 gives the atomic ratios of the elements present* Significant 
cheuiges in concentration upon irradiation were seen for S, Cl, Na, and F* 
Possible changes in chemical state were observed for 8, C, and Cl* Fluorine 
was probably eliminated as F£ or HF. This phenomenon has been previously 
reported vrhen fluorinated polymers %#ere bombarded with electrons* Three was 
an extremely large increase in surface oxidation as evident by the growth of 
the carbon Is feature at 228 eV* This oxidation probably is manifested as a 

large increase in ketone or ester type carbons t or R-^-OR' 
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Table 4 
E8CA Anaiyais 

Quantitative Analysis - Atomic Ratios Nomalized to Cacbon 

Ratio 

Irradiated/ 


Element 

Sample # 

Control 

Irradiated 8000 Mrad 

Control 


1 

1 


1 



2 

1 


1 

- 


3 

1 


1 

— 

0 

1 

.264 

.431 

1.63 


_2 

.277 

.443 

1.60 


3 

.295 

.419 

1.42 

s 

1 

9.57 X 

10"3 

1.96 X 10-2 

2.05 


2 

1.92 X 

10-2 

2.51 X 10-2 

1.31 


3 

1.81 X 

10“2 

2.04 X 10-2 

1.13 

N 

1 

4.54 X 

10-2 

4.62 X 10-2 

1.02 


2 

4.26 X 

10-2 

6.10 X 10-2 

1.43 


3 

5.17 X 

10“2 

4.59 X 10-2 

.888 

Cl 

1 

1.89 X 

10-2 

4.72 X 10-2 

2.49 


2 

1.14 X 

10-2 

4.08 X 10-2 

3.58 


3 

1.55 X 

10-2 

4.33 X 10-2 

2.79 

Na 

1 

2.51 X 

10-2 

4.95 X 10-2 

1.97 


2 

3.68 X 

10-2 

3.35 X 10-2 

.91 


3 

3.19 X 

10-2 

2.61 X 10-2 

.818 

Si 

1 

6.01 X 

10-2 

6.41 X 10-2 

1.07 


2 

3.45 X 

10-2 

8.49 X 10-2 

2.46 


3 

6.26 X 

CM 

1 

O 

.126 

2.01 

F 

1 

5.79 X 

10-2 

not detected 

<0.1 


2 

.130 


not detected 

<0. 1 


3 

3.86 X 

10-2 

not detected 

<0.1 

A1 

1 

trace 

2.07 X 10"2 

_ 


2 

trace 

1.80 X 10-2 

- 


3 

trace 

2.05 X 10“2 

- 
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V« Blsctron Spin Resonance Studies** 

Previous electron spin resonance (esr) studies have indicated that a 
large number of radicals are created in the epoxy resin matrix by high energy 
radiation, and that radical decay is fairly rapid due primarily to 
recombination. It was decided that esr characterization of epoxy resin 
samples varying in concentration ratio of hardener to eppxy might allow 
further insight into the nature of the radicals formed upon irradiation, as 
well as the mechanism of decay. Our earlier work** suggests that regions of 
high- and low-crosslink density are present in cured epoxy resins, and that 
the relative amount of these regions may depend on the percentage of hardener 
(crosslinking agent) present. Samples with a higher percentage of hardener 
would probably have a higher mole fraction of high-crosslink density regions. 

Rod-like samples of Ciba Geigy Araldite (MY720) TGDON (tetraglycidyl- 
4,4'-diaminodiphenyl methane) epoxy and Eporal DOS (4,4 '-diaminodiphenyl 
sulfone) were prepared in various ratios as is shown in Table 5. 


Table S. Concentration Ratios of Epoxy and Hardener 


%DD6 by wt. 

ITGDEM by wt. 

Molar Ratio DDS/TGDDM 

10 

90 

0.19 

20 

80 

0.43 

27 

73 

0.63 

30 

70 

0.73 

40 

60 

1.13 


The percentage by weight ratio of TGDDM to DDS in composite samples 
currently being prepared by NASA is 73/27. 


**See attached thesis for additional esr studies 


to 


Sample* ware prepared by slowly mixing in a jar the appropriate amount of 
DOS into the TGDEH While heating (<110*C). In the sample containing 401 DOS 
by weight* considerable time was needed for all of the DOS to mix into the 
TGDDM. After mixing was complete, each jar was placed in a vacuum desiccator 
at 110*C allowing the sample to deaerate. Teflon tubes with an inside 
diameter of 3/32" were then pushed into each sample, and deaeration in the 
vacuum desiccator was continued. Each sample was then allowed to cool to room 
temperature while under a vacuum. The purpose of deaeraticwi was to eliminate 
any air bubbles from the samples. 

The Teflon tubes were then broken out of each jar and the ends were 
wrapped with Teflon tape. These samples wet* then cured in a vacuum 
desiccator under normal curing conditions! 137*C for 2 hours, then 160 C for 
5 hours. Each tod-like sample was then pushed out of its Teflon tube. 

Prior to irradiation, each sample was weighed, wrapped in aluminum foil, 
labeled, then vacuumed and flushed with nitrogen three times to remove any 
surface oxygen. Samples were placed in a dewar containing liquid nitrogen and 
then placed in the Cobalt 60 Gamma cell which irradiate* with 1.17 and 1.33 
MeV gamma radiation. The liquid nitrogen in the flask was replenished as 
necessary so that the samples would remain at cryogenic temperature, thus 
impeding the decay of radicals being formed. 

After irradiation, radical concentration in each sample was obtained via 
a JEOL X-band ESR spectrometer. A sample holder which blows liquid nitrogen 
vapor over the sample while the reading is taken keeps the sample near +77*K 
and thus eliminates any radical decay. After the initial spectrum was 
obtained, each sample was allowed to decay at room temperature in an 
essentially oxygen free atmosphere for designated periods of time. Decay was 
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interrupted by placing the samples back into a dewar of liquid nitrogenr and 
additioned spectra versus time at room temperature were obtained. This 
allowed the construction of a decay plot for each sample showing radical 
concentration versus time. 

Ihe i::;.tial experiments involved irradiation of samples in the gamma cell 
to a dosage of 5 Mrad's. Figure 7 shows the effect concentration ratio of 
epoxy to hardener has on radical decay behavior. Radical decay is much more 
significant the lower the percentage of hardener present. A lower percentage 
of hardener implies a low percentage of high-crosslink density regions, and 
this facilitates recombination. Thus, the lower the percentage of hardener, 
the more rapid the decay of radicals. 

Samples containing 10% DOS by weight were rather brittle prior to 
irradiation. After irradiation, these samples were extremely brittle and 
crumbled upon mounting in the ESR sample holder. Data Tui an/n - -.uples is 
therefore not available. 

Our earlier work has shown that radical decay occurs according to two 
simultaneous second order reactions occurring in different zones. The initial 
portion of the decay curves in Figure 7 depicts the rapid decay which occurs 
in the zones of the low-crosslink density while the latter portion of the 
curves shows the slow decay occurring in the high-crosslink density zones. 

The characteristics of the decay of these samples irradiated at 5 Mr ad 
was found to be reproducible. 

Radical decay data has also been obtained on samples irradiated with 
gamma radiation to a dose of 30 Mrad and is shown in Figure 8. As with the 
lower dose seunples, decay is more significant with samples containing a lower 
percentage of hardener; however, the difference is not as significant with 
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the sample irradiated at higher dose as it ie with the sample irradiated at 
lower dose. 

It should be noted that the expected positions of the 73/27 and 70/30 
curves in Figure 8 are reversed. This is most likely due to statistical 
variation since there is little difference between the percent hardener in 

each. 

Continued investigation into the role of percent of hardener and 
radiation dose on radical decay is proposed. Also scheduled is the obtaining 
of decay data on samples of 100% TGDDM and 100% DOS irradiated with gamma 
radiation. This would test the hypothesis that the effects shown in Figures 7 
and 8 are not merely due to an increase in the amount of DOS percent, but are 
due to the extent of crosslinking. (An alternate solution would be to prepare 
samples of 50, 60, 70, etc., percent by weight DOS, in which case the radical 
decay rate should progressively increase. However, mixing much more than 40% 
by weight DOS with TGDDM does not appear to be physically possible.) 

VI. X-Ray Diffraction 

Our work has demonstrated that graphite fiber reinforced epoxy resin 
composites show little change in stress and modulus when exposed to as much as 
8000 Mr ad *8 of 0.5 MeV electron radiation while under a vacuum. It was 
decided that X-ray diffraction should be used to look for any possible change 
in the crystallite dimensions or crystallinity of the fibers upon 
irradiation. 

The roost intense reflection in the X-ray pattern of graphite is an (002) 
reflection due to the staggered nature of the layered carbon rings. The 
reflection appears on the equator since the layers are parallel to the fiber 


13 

(du. to the the o-«U te defined ee petpendicol« to the fiber 
axis) . 

X-re, difft«=tion pettern. wre obteined for both irr.di.ted .nd non- 
irr.di.ted opposite seopUs end ,r.phite fiber seople. of Thornel T-300/52... 

f-Viroiiffhout Figure 9 shows X-ray photographs of a 
Cu radiation was used throughout, 

K 

control composite (left) and one irradiated with 8000 Mrad's with electron 
radiation. 

Both di.,r«» sho. the (002) refleotione on the eqnetor »d . helo oeused 
hX scetterin, froi the ^orphoue epoxy-resin netrix (sc.tterin, petterns of 
grephite fibers rdone sho, no »»rphoos helo). The bright spots on either 
side of the lend dot ere oeused by scstterin, of unfiltered white rsdi.tion 

and should be disregarded. 

The (002) refleotione in both s»rples oorrespond to . Br.gg ~.gle of 
o . I2.46- which indicstes iui inter.tomio spsoing of 3.57A or . unit cell C 
Mis dimension of 7-M». hs expected, this is slightly Isrger th«i the 

inter.to.ic sp.cing found in n.tur.1 gr.phite. 

The «o length of the reflection indictee the level of orientstion in 

the libers, however, it is the .rc width th.t indictee the cryst.llite site 
,„d perfeotion-the wider the ere widths, the smsller the cryscl. 

Microdensitometer trsces of X-r.y neg.tives showed essenti.lly no 
difference in «c widths between the irr.di.ted cd control ssmples ss 
indicted by the width st h.lf -ntensity of the pe.ks treced. figures 10 
and 11 show the microdensitometer egustorU. .nd meridi.n.1 tr.ee. 

. control composite end one irr.di.ted to 8000 Mred’s. 


respectively# for 


Diffractometet plots of iitadUtea and non-ittadiatad aai^lea 9ava 
essantially th. aa« infotmation-that that, was no diffatsnc in th. ate 
widths. Both th. .ictod.nsito«.t.t and th. diffraotoh.t.t t.solt. show a Una 
width of atoond 5* (in tatas of 28) and this cott.sponds to value, found in 

the literature. 

In conclusion, t/2 MaV alectron radiation up to 8000 Mrad's causes no 
disruption of cyr.tallitas in the oraphita fibers as indicated by the 
constancy of the (002) reflection width ..easured with the aicrodensitoaeter 

and diffractometer. 
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Effect of 1.33 MeV 7 Radiation and 0.5 MeV Electrons 
on the Mechanical Properties of Graphite Fiber 
Composites* 

R. E. FORNES, J. D. MEMORY, and N. NARANONG, North Carolina 
State University, Raleigh, North Carolina 27650 


Synopsis 

Epoxy/graphite fiber, polyimide/graphite fiber, and polysulfone/graphite fiber composites were 
exposed to 1 .33 MeV y irradiation and 0.5 MeV electron bombardment for varying periods of time. 
The effects of the irradiation treatments on the breaking stress and Young's modulus were studied 
by a three point bending test. Effects were small; indeed, both electron radiation up to 5000 Mrad 
and y radiation up to 350 Mrad resulted in slight increases in both stress and modulus. 


INTRODUCTION 

Graphite fiber reinforced composites are light-weight high-strength materials 
that are particularly suitable for space vehicles. Since some space experiments 
are scheduled over a period of several years, materials used in space may be 
subjected to substantial quantities of high-energy radiation. For this reason, 
it is important that materials considered for use in these experiments be evalu- 
ated with respect to their response to high-energy radiation. 

Several sets of composite samples, fabricated at NASA Langley Research 
Center and supplied to us, have been irradiated using 0.5 MeV electrons and 1.33 
MeV y radiation. The effects of the irradiation treatments on breaking stress 
and Young’s modulus were determined by a three point bending test. 

Most of the cosmic radiation in regions near the earth is due to protons.^ 
However, significant numbers of both protons and electrons are trapped in the 
radiation belts around the earth^’^ and the predominant energy loss in matter 
of high-energy electrons found in geosynchronous orbit is by ionization.'^’'* 
Similarly, 1.33 MeV y radiation would lose most of its energy by ionization 
through Compton scattering and the photoelectric effect.® Therefore, the ex- 
perimental conditions of radiation exposure of materials to be investigated in 
this study should provide an excellent simulation of the actual effects of radiation 
on these materials when used in space applications. Moreover, it has been es- 
timated® that the radiation dose for geosynchronous orbit in a thirty year lifetime 
should be on the order of 1000 Mrad for the 0.0,56-0.081 cm thickness of the 
samples we used in the experimental work reported here. This, coupled with 
the observation that radiation effects on solid polymers are dose rate independent 
to first : !er,‘ should indicate that the results described in this paper for doses 
up to ,500u ivlrad should be applicable to the problem of estimating the radiation 
effects on space vehicles in geosynchronous orbit. 

* Supported in part by NASA (irant No. NSG 1562-S2. 
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FORNES, MEMORY. AND NARANONO 


EXPERIMENTAL PROCEDURES 

Studies were made on samples of cured graphite fiber/epoxy coniposite 
(T;I00/S20B Thornel graphite fiber/Narmco 5208 epoxy and AS/2501 graphite 
filier/epoxy by Hercules), graphite fiber/polyimide compcK-vite (C6000/PMR-15 
Celion graphite fiber/polyimide matrix), and graphite fiber/polysulfone com- 
posite (C6(KKVP1700 Celion graphite fiber/polysulfone matrix). The samples 
were cured and cut at NASA Langley Research Center. Samples of each type 
were subjected for different peruids of time to electron irradiation, and samples 
of graphite fil>er/epoxy were 7 irradiated for different periods of time. 

The mechanical tests were made on an Instron using a “three-point bending 
tester” attachment.'* The specimens. 1.27 by 2.54 cm and 0.056-0.071 cm thick, 
were tested at a cemstant rate of elongation, perpendicular to the plane of the 
composites, at a speed of 0.2.54 cm/iuin (0.1 in./min) and with a span length of 
1.40 cm (0.55 in.). The specimens were four-ply uniaxially oriented with the 
preferred axis aligned along the span direction during testing. The ultimate 
stress and average modulus at each exposure condition were determined by using 
the standard equations for small bending deformations of elastic bodies." 

I'he samples were treated in a vacuum desiccator at 80®C for 7 days, then 
sealed in aluminum foil (Reynolds Wrap, heavy duly, thickness of 0.025 mm) 
by first securing the ends of the samples in place with a thin layer of Scotch tape 
and sealing the edges of the folded aluminum wrap with an epoxy glue (Devcon 
5 min K|K)X,v®). An open gla.ss tube was iivserted prior to sealing the foil to permit 
a vacuum line to Ire connected for further vacuum treatment. These packages 
were placed in a vacuum desiccator at 8t)®C for at least an additional 4 days; then 
the gla.ss tulre was attached to a vacuum line and heat .sealed. The trackages then 
were taken immediately to the electron accelerahrr and expo.sed to 0.5 MeV 
electrons at a current of 8.2 m.A. Pinch package was placed in a ziplcH' baggie by 
DowChemical (10 by 10 in.) that was prefilled with No to reduce oxidative deg- 
radation in ca.se of pin hole leaks, the packages clamped to the conveyor on the 
accelerator, and passed through the electron beam. Plach revolution of the 
conveyor through the Iream resulted in a 10 Mrad d<Ksage. P’otlowing the electron 
irradiation treatment in a 5(H) kV Klectron accelerator made by High Voltage 
Engineering Corporation, the specimens were removed from the packages and 
t)laced in o(>en j>etri containers in a omtrolled lalH>ratory (relative humidity 6.5 't'. 
temperature 20®C) where they remained from 2 to It) weeks prior to mechanical 
U'sting. P'ollowing each 400-500 Mrad extH>sure. theZiplcH' baggies were replai-ed 
and reHusbed with Nj. .After 2.5tKl Mrad. the A1 foil in regions of high stress 
conci'!it rat ions (sharp bends) showed evidence of degradation and the Devcon 
epoxy seal on the aluminum foil showed evidence of appreciable di.scoloration. 
so the specimen were vacuumed and repackaged in new A1 foil as described 
above. 

I’wo sets of samples. T200/5208 and .AS/2.501, were expo.sed to 1.22 MeV •) 
radiation for periods up to 500 and 1070 h. respectively, in a (lamma (’ell 220 
made by .Atomic Energy of Canada. 1'hese samples were vacuum desici ated 
at 80°C for a minimum of 2 days then placed in the vacuum chamber of the 
gamma i cll (a ' :i Mrad/h '’"Co souraO. prevacuumed IreattKl for 24 hr and expo.sed 
to *) radiation under a continuous vacuum tapproximately 5 X 10'" 'I'orr). The 
samples, after 1 exposure, were tested using the same procedures for equilibration 
and mechanical testing as described above. 
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RESULTS AND DISCUSSION 

The theoretical prediction of stopping power of high energy electrons is given 
as by Segre.® 

However, due to a secondary scattering, the effective irradiation dosage in a 
material will first increase and then is followed by a rapid monotonir decrease 
in radiation dosage.^ Since the electron accelerator used in our experiments is 
designed to pass samples across the beam twice during each revolution of the 
conveyor (once on the front side of the sample and once on the back side), the 
approximate dosage experienced by the composite specimens as a function of 
penetration depth is as ^own in Figure 1. The density of the composite is about 
1.55 g/cm®. The effective thickness of the baggie and aluminum foil is ap- 
proximately 0.013 cm. Thus, the effective radiation dosage in the center of the 
specimen is approximately 40% higher than on the edge. 

The load deformation curves of the three point bending tests were approxi- 
mately linear in all cases and the deflections small so that equations for small 
bending deformations give excellent approximations of ultimate stress and 
Young’s modulus.® Effects of electrons and y radiation on these parameters 
for the samples investigated are summarized in Figures 2-5. A minimum of ten 
replication measurements were made for each exposure condition. All samples 
exposed to 5(XK) Mrad of 0.5 MeV electrons showed a slight increase in both stress 
and modulus compared with the control. In each case, the increases were es- 
sentially monotonic. The increases at 5000 mrad to the control were 13%, 10%, 
and 11.5% in stress and 11%, 12%, and 12% in modulus for samples T300/5208, 
C6000/PMR15, and C6000/P1700, respectively. 



Fig. 1. Estimate of relative composite sample dosage vs. thickness when exposed to 0.5 MeV 
electrons in the sample holders when both sides of sample are e.xposed to the beam. The dose-dis- 
tance relationship is adjusted to unit density material by multiplying thickness by specific 
gravity. 
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sipation of energy, without bond disruption, of aromatic rings. Using neutron 
and y radiation, they showed very little change in the mechanical properties of 
cured diaminod.'i'henyl methane epoxy and polyimide polymer at radiation 
dosages ^10^ rad. Gamma irradiation experiments by Brown and O’DonnelP^ 
on aromatic polysulfone show that no deleterious effects occur in vacuum to dose 
levels of 600 Mrads. However, degradation of flexural properties did occur when 
irradiation of samples was done in air. 

Bullock reported that fast-neutron irradiation of graphite fibers in air showed 
an increase in strength followed by a decrease (by as much as 25%) of the con- 
trol.*-* However, irradiation in a inert environment showed only an increase in 
the strength. Jones and Peggs*® show a small increase in both the strength 
and modulus of graphite when irradiated with fast neutrons at elevated tem- 
perature. In addition, they reported an increase in the crystallite dimension 
suggesting that the elevated temperature induced recrystallization. 

Graphite fiber/epoxy composites irradiated in air at 75®C with a combination 
of y, fast neutrons, and thermal neutrons showed a decrease in flexural strength 
and mtxlulus.'® When samples were irradiated in liquid N 2 , increases in the 
strength and modulus were observed when tested at liquid temperature while 



Fig. 5. Average modulus vs. 1.33 ■) irradiation dosage for graphite fiber/cpoxy composites. 
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a decrease in those parameters occurred when irradiated at liquid Na temperature 
but tested at room temperature. 

The results reported here are consistent with earlier work on plastics, fibers 
and composites. All the composites that we have studied contain matrices which 
have an abundance of ring structures and none of the systems we studied showed 
any degradation in stress or modulus when subjected to ionizing radiation, under 
vacuum, to dose levels of 5 X 10® rad. The ring structures in the matrices and 
the fibers appear to protect the composite from radiation damage. 

CONCLUSION 

Graphite fiber/epoxy, graphite fiber/pol>-sulfone, and graphite fiber/polyimide 
composites show no deleterious stress or modulus effects by the exposure of 0.5 
MeV electron radiation in vacuum up to 5000 Mrad. At 5000 Mrad the stress 
and modulus increased by approximately 12 % compared with the controls. 
Graphite fiber/epoxy composites show little change in stress and modulus when 
exposed to several himdred Mrad of 7 radiation. Therefore, the results reported 
here indicate that graphite fiber composites would have a considerable lifetime 
in space (probably >30 years) before strength and stiffness properties would be 
affected significantly by high-energy radiation. 

The authors gratefully acknowledge NASA for support of the research, Dr. E. R. Long of NASA 
Langley Research Center for supplying samples and helpful suggestions, Dr. W. K. Walsh for help 
with irradiation experiments, W. C. Stuckey for help with the mechanical testing, and to Dr. Vivian 
Stannett for his helpful comments. 
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ABSTRACT 


SCHAFFBR, KBVXR R. CharactRtliation o£ a Curad Bpoxy Raaln Qpoxad to 
High &iargy Radiation Hith Blaotron Spin Rtaonanca." (Ondat tha 
dicaction ot Dra. Richard D. Oilbart and Raywxtd B. Bornaa.) 

Thin invaatigation daalt with irradiating a curad apoxy raain. 
tatraglycidyl-4,4 dianino di^anyl nathana and 4,4' dianinodiphanyl 
sulfona, with 1/2 MaV electron and 1.17 and 1.33 MaV ga«a radiations. 
Radical concentrations ware astinatad by comparison with a radical 
standard, 2-2 diphanyl-l-picryl bydrazyl, suspended in an ambient 
temperature cured epoxy rosin. Radical concentration increase with 
irradiation dose and radical concentration decay at ambient temperature 
with time curves were plotted. The decay data obtained could be fit to 
a model which assumes two simultaneous second order reactions occurring 


in different zones. 
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1. Introduction 


Graphite reinforced coapoelte materials are highly promising for 
space structural applications such as solar panel supports, solid fuel 
rochet motors, and hot air ducting [1,2] because of their high modulus 
and strength, low thermal expansion, and light weight. Due to large 
amounts of ionizing radiation in space environment, the effect of gama, 
*l®ctron, proton, and other radiations upon the mechanical properties of 
graphite reinforced composites is an important consideration [3], The 
matrices into tdiich graphite fibers were embedded in composites in 
completed studies [3] were highly aromatic polymers, primarily epoxy 
resins, polysulfop.es, and polyim.i.ue8. 

The purpose of this thesis is to investigate the immediate chemical 
effects of ionizing radiation on the epoxy resins, specifically the 
formation of free radicals emd their character employing electron spin 
resonance spectroscopy (ESR). 
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2. Litar>nur» R»vl«« 

Xoniting or high energy radiation ie a broad tern which defines 
radiation that is composed either of charged particles that directly 
produce ions, excited nolecules, or free radicals in the irradiated 
medium, or photons or fast moving neutral particles that produce these 
species in the medium indirectly by charged particles ejected from the 
absorbing molecules [ 4 ]. High energy radiations whether fast electrons, 
6 particles, fast protons, neutrons, a particles, or electromagnetic 
radiation of short wavelengths lose their energy by reacting with 
electrons and nuclei of the medium. This may give rise to displaced or 
excited nuclei, free electrons, ionised atoms or molecules, and excited 
atoms or molecules in which an electron has been raised to a higher 
energy level t5J. 

X-rays, electrons, and positive ions are produced mainly by 
accelerators. Gamma rays, beta particles, alpha particles, and neutrons 
are obtained from nuclear ractions in radioactive isotopes and nuclear 
reactors [6]. These different sources of radiations give an energy 
range of nearly ten orders of magnitude [7]. 

One can group the different types of radiations used in radiation 
chemistry by their physical nature [4]: 

(1) high energy photons (gamma rays and X-rays) 

(2) accelerated high energy electrons 

(3) accelerated ions 

( 4 ) neutrons. 

The first two are emphasized in this study. 


2. 1. High Bnerqy Photons 

Photons tend to lose energy whenever they interact with laatter. 

Only a portion of incident photons will interact with a finite thickness 
of natter* The renalnder of the photons which do not interact are 
transmitted with no change in direction or energy. The intensity, 
defined as the radiation energy passing through a sphere of unit cross- 
sectional area in unit time at the point of Interest may be expressed by 
the equation [8]: 

X - M X B (1) 

»rt»ere I is the intensity (ergs/cm^sec) , E is the average energy of 
photons in ergs, and N is the flux of photons (number of i^otons/- 
cm^ec) . 

An infinitesimal reduction in intensity, dl, through an infinitesi- 
thickness of matter or absorber, dx, is given by the equation: 

dl ■ -ludx ( 2 ) 

where X is the incident beam intensity, u is the total linear absorp- 
tion coefficient which is the fraction of incident photons diverted from 
the incident beam by a unit thickness of absorber [8] . 

Equation 2 can be integrated to apply to large thicknesses to give: 

X » Xe"^" (3) 

The total absorption coefficient is the sum of the absorption 
coefficient of the three processes in which high energy photons can 
transfer energy to matter, namely, a "photoelectric process," "Compton 
scattering," and "pair production” (61 . 
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In photoelectric absorption the entire energy of the photon is 
transferred to an electron) which is ejected with a kinetic energy, E, 
equal to the photon energy, hv, less the electron binding energy. Be 
( 91 . 

B - hv - Be ( 4 ) 

The distribution of angles at which electrons are ejected is 
dependent upon the energy of the incident i^otons. At lower photon 

t 

energies the ejection of the electrons are 90* to the incident i^otons* 
path «)hile at higher photon energies the electrons take a nore forward 
direction [8]. 


Compton scattering involves an elastic collision of high energy 

photons (hv above 10 kev) with electrons giving scattered photons of 

energy hv'. Ihis energy hV is represented by the equation 

hv 


hV 


1 « hv/ 


(1 s cos 6) 


me 



(5) 


(6) 


where m is the electron mass, c is the velocity of light, and 6 is the 
angle between the incident and scattered f^oton illustrated in Figure 1 
( 61 . 

Pair production involves the edisorption of a photon and the 
production of a pair of particles, a positron and an electron [9]. This 


5 


pcoc6M involv®® th® ®nnllhll®tlon ot tht photon In th® £i®ld of ® 
nucl®us of high atonic weight and eonatitutaa a aigniflcant fraction of 
p h ot on energy los® only in th® oas® of very high energy photons so it is 
of little inportanc® in radiation cheaistry of polyners which are 
composed of atoms of relatively low atonic weights [6]. 

X>rays are {diotons produced tv the decay of electrons to empty low 
energy states of an atom. Electronic states nay be excited by bombard* 
ing the atom with high energy electrons. G am m a rays are identical in 
nature (i.e. electromagnetic radiation) to X-rays but their source is 
emission from the nuclei of natural or artificial radioactive isotypes. 
They occur at discrete frequencies. Oobalt-60, for example, gives two 
sharp lines of approximately equal intensity at 1.17 and 1.33 MeV [4]. 
About the region of photon energy of 1 MeV, the mass absorption coeffi- 
cient u is due primarily ^o Compton scattering which is the major 
mechanism of ionization 110]. 

2.2 Electrons 

High energy electrons, 10 MeV or higher generally lose energy by 
radiation electromagnetic energy (Bremsstrahlung) resulting from deac- 
celeration of electrons in the fields of nuclei 18). In the irradiation 
of polymers, electrons mainly lose energy by transfer to the molecular 
electrons of the stopping material by collisions called Coulomb interac- 


tion [9]. The af^roximate ratio of energy loss by radiation to energy 
loss by collision is (9] 


dE 

<-d7> rad 


E 2. 

4 

800 


coll 


(6) 
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tiher* B is the energy in MeV and >2 atonic ninbec of the abaorb- 

ex. This ratio illustrates that energy loss by Brensstrahlong eaiission 
is significant for electrons of high energy and for high atonic weight 
absorbers [9] . 

The energy loss per centimeter by ionisation and excitation at 
relativistic velocities of high energy electrons is 
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(7) 


log 2 + 1 - B^ + -g- ( 1 - 
where E is the Kinetic energy of the incident electron* 

X is the distance into the scatterer. 

Ni is the member of the ith type atom in scatterer* 

Zi is the atomic number of the ith type atom* 
e is the electron charge* 

li is the average ionization potential of the ith atom* 
m is the electron rest mass* 

V is the incident electron velocity* 

B « v/c 

C is the speed of light in vacuum* 

Electrons follow erratic paths through matter* whereas some elec- 
trons escape large energy loss over a long distance; others undergo 
numerous large deflections (9]* 

The range in aluminum of electrons of energies of 0*5 to 3 NeV has 


been empirically found to be [9] 
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R ■ AB - B 

where R ic the range in g/on^, A ■ 0.5 g/erg cm^ and B ■ 0.16 g/oe^. 

Thia formula fits data for aluminum beat but can reaaonably fit other 
mater ialB containing light atom since the range (g/cm^) varies little 
with atomic number [6]. 

2.3 Heavy Charged Particles and Neutrons 
Heavy charged particles such as protons and alpha particles inter- 
act with matter in the ntanner of electrons by elastic collisions with 
the Coulomb electrons of the stopping material [8]. 

The major mechanism of ionization of neutrons is similar to beams 
of charged particles because the main ionization species are protons and 
heavier positive ions produced by the interaction of the neutrons with 
atomic nuclei [8]. 

2.4 Energy Deposition in Matter 

The energy lost per unit path length (- ^ ■ ) (given for Coulomb 
collisions in equation 6) is termed the "linear energy transfer" (UBT) 
(may be expressed keV per micron of path) [4]. LET is the linear rate of 
energy loss by an ionizing particle penetrating a material medium and 
can be roughly calculated by dividing the total energy loss by the 
particle ^ its path length (8). 

2.4.1 High Energy and OV Radiations 
Several differences exist between the irradiation process with high 
energy radiations and the photo process with UV light. 

One difference is the energy levels to which molecules or atoms are 
excited by the incoming radiation as mechanisms for energy dissipation 
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[6]. Oltraviolct light oannot axolt* nolaoulM to ionisation or preion- 
isation levels as high energy radiation does. Preionisation states can 
either proceed to fora radicals, radical ions, or through a process of 
Internal conversion convert the electronic excitation energy to vibra- 
tional energy, and with further aolecular collisions, to t!ie ground 
state [6,9] as illustrated in Figure 2 [6]. 

Hie existence of preionisation and ionisation states in radiolysis 
leads to a second difference coapared to photolysis. Electroaagnetic 
radiations transfer energy to electrons and positrons and energy is then 
dissipated along the tracks of these particles [8]. For most high 
energy radiation, the energy transmitted through the stopping material 
by secondary or fast electrons [12]. The motions of these electrons are 
tracks punctuated by ionization and molecular or atomic excitations. 
These excitations or preionization states are created through direct 
radiation chemical interaction with secondary electrons [6]t 

M ♦ [M+e“]* 

and are similar to corresponding excitation states produced in photoly- 
sis (illustrated in Figure 3)t 

M + hV* ♦ M* 

Through products obtained from radiolysis and photolysis are simi- 
lar, differences may arise in the types of products due to the mechanism 
available in the latter of charge separation and energy transfer to a 
molecule D of lower ionization potental [12]. Figure 3 summarizes the 
processes which lead to charge separation and excitation state formation 



Figure 2. Modified diagram for the most important processes involving 
electronically excited states and preionizing states (6). 



<«coiita<Mn •Uetror* 
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Figure 3. Schematic representation of processes leading to charge 
separation in the condensed state (12). 


In liquid* *f^ solid* a* * r**ult of oolliaion* with th* low*c *n*cgy 
atcondary alaotrona (21 • 

A third diffacanoa is tha qaoiMtriaa in ahioh th* raaotion spaoiaa 
ara fornad (8]« As aaan in Figura 4, in tha photo prooass axoitad 
aolaculas ara foriiad nor a hoanganaously in tha oatarial. Xn othar words 
for an aquivalant aaount of anargy absorbad, tha lowac anargy partielaa 
losa anargy nora hoaoganaously throughout tha awtarial. flowavar, thara 
My ba a grant diffaranca in panatration dapth, so Figura 4 applias only 
to thin saaplas or to thickar aaiiplas on a aicroscopic laval. 

2.4.2 Track* and Spur* 

Tha excitations and ionisations fornad in radiolysia will ba tha 
Sana for a particular Mtarial indapandant of tha type or anargy of 
radiation [8]. Bowaver, high anargy radiations of different types and 
intensities loose radiation at different rates and leave different 
distributions of ions and excited species in tha medium (8]. These 
various distributions effect tha quantities and proportions of chemical 
products obtained from radiation sources (8]. 

A Mjor assumption in tha radiation of solids is that the structure 
of tracks will rasembla those observed in tha gases, but reduced in 
proportion to the relative density of the phases (4]. Along the tracks 
are ions and excited molecules tihlch are a direct result of the incident 
particle and of secondary electrons. The energy distribution of second- 
ary electrons is not dependent upon radiation type (131. 
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Table 2.1 Linear Energy Transfer and Distance Between Spurs for 
Various Radiations (13). 


Radiation 

LET. in eV/A 

1 

1 Spur sepenuion A 

inyt 

00 to lO 

1 73 to 20 

001 MeV elactront 

02J 

' 260 

0-1 MeV cicctront 

004 

1400 

1 MeV electrons 

002 

MOO 

“Cor 

002 

3000 

1 MeV protom 

21 

21 

10 MeV protom 

0^7 

130 

1 MeV e-particlct 

26-4 1 

i 

10 MeV «-pan Kies 

3-6 1 
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Figure 5 


Distribution of spurs and primary events along particle 
tracks of a) alpha particle b) fast electron (9). 


The fast or secondary electrons can be divided into two groups} 
those that fora delta rays (saall aide tracks) and those that produce 
—11 clusters of ions and excited aolecules called spurs [13]* 

The distance between spurs varies with different types of radiation 
as can be seen in Table Z* High energy electrons and gamaa radiation 
have cxxaparable spur distances (about 3000 A) in liguid water. How the 

distance between spurs is dependent upon the rate in which the energy is 

* 

deposited is illustrated in Figure 5 (9). a schematic diagram of assumed 
spur distribution along the track of a fast electron and of an alpha 
particle. A high rate of energy deposition as in alpha particles will 
produce densely ionised cylindrical columns. A low rate of energy 
deposition will produce Isolated spurs analogous to beads on a string. 

The most Immediate processes of ionization, excitation and electron 
capture in Figure 3 are not influenced by the materials viscosity. 
Experimental evidence suggests that charge separations over 50-100 A can 
exist in a rigid matrix if mechanisms for electron capture and localiza- 
tion are inherent [12]. Thus so ions and preionization states can 
surely exist in spurs formed in polymers. 

2.5 Radical Reactions 

Although other active chemical species such as ions or excited 
states are present in tracks of ionization particles, free radical 
reactions are considered to be the predominate events [4]. 

Chapiro [4] gives three observations as evidence for this assump- 
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1) Products derived from radiation of organic compounds are 
similar, though not exactly the same as products arising from 
photolysis. 

2) Some classical free radical reactions can be initiated by 
ionization radiation and show a great similarity to reactions 
initiated by ultra-violet light or chemical initiators. 

3) Free radical inhibitors are effective in many cases when a 
reaction is initiated by ionizing radiation. 

Once free radicals are formed with high energy radiation their 
lifetimes vary with species in the immediate area; for instance whether 
it is isolated or located in a spur, the viscosity of the medium, and 
stabilization due to the amount of resonance energy available 112]. 

After formation, free radicals can undergo numerous reactions [6] : 

1) Atom transfer reactions such as hydrogen eUastr action by a free 
radical: 

A* + RH + AH + R» 

2) Addition reactions to a double bond: 

A.+ C-C-^A-C-C. 

these include addition reactions observed in aromatic compounds 
141: 

R.4- ^ ♦ R^. 

R^*'*' products, 

where ^ is an aromatic molecule and R^*is an addition complex 
having a quinone radical structure [6]: 
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3) Fragmentation reactions involving a dissociation into an 
unsaturated product sMlecule and another free radical! 

RiC - C ♦ R*-f C « C 

4 ) Rearrangement reactions in tfhich the free radical changes 
position within the molecule: 

R 

.1 

RX-CH2-<R R-C^B2 

I I 

R R 

5) Combination of two radicals: 

R«+ R»^ R - R 

6) Disproportionction which also involves two radicals but results 
in two molecules one of higher unsaturation: 

R + RCR -C-R + RH ♦ RCK ■ C-R 

^ I I 

H H 

2.6 Radical Yields 

In radiolysis of liquid hydrocarbons, the only reactive species 
that can be quantitatively determined are free radicals t9]> Radical 
chemic:d yields or "G" values are the absolute chemical yield of a 
chemical species or products denoted as the number of chemical events 
occurinq 100 eV of eUssorbed energy (9]. For example, 

G(R*) * the number of radicals produced per 100 eV absorbed 
Another important term in radiation chemistry concerns the unit of 
absorbed dose, the rad, which is 100 ergs per gram [8]. 

One technique to determine radical yields best in the gas or liquid 
phase is through radical scavengers* Ihese are chemical species or 
stable free radicals that readily react with the free radicals produced. 
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A problem with radical scavengera is the radicals detected cannot be 
those radicals which react within the spurs, but only the radicals «diieh 
diffuse from the spurs [91* 

2.7 Blectron Spin Resonance 

Electron spin resonance (BSR) or electron paramagnetic resonance 
(BPR) spectroscopy is the most sensltve and informative method of deter- 
mining the presence of unpaired electrons in the solid phase [8] • 

2.7.1' General Theory 

BSR spectroscopy utilizes the magnetic properties of the unpaired 
electrons of free radical molecules. Electrons are characterized in 
orbitals of the molecule with a spin quantum number * 1/2 or -1/2* Two 
electrons in the same orbital have matched spin quantum numbers and give 
no total magnetic moment. 

The unpaired electron in a free radical can be approximated as a 

free electron with spin S ■ 1/2 and vector magnetic moment, Ms, 

ite « ge /s(s + i) 3 ( 9 ) 

where g is the electron g factor, a dimensionless number, the value 

depending upon the environment of the electron [14]. The g value of a 

free electron is 2.00232 and 8 ■ eh/2HeC is the Bohr magneton, the unit 

of magnetic moment having the value of 9.274 x 10“^ Wg G“^. 

According to quantum theory a particle with spin has two possible 
orientations in an external magnetic field termed parallel and antipar- 
allel [14J. Figure 6 illustrates how the magnetic moment vector can be 
oriented in a magnetic field (6J. The two states are of slightly 
different energies, the antiparallel direction being of higher energy 
[141. 
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given by (14) 

B - -Ms • Bo > - iMo I il I • cos (N • to) *10 (10) 

Figure 7 ehows the energy difference (8B) between the energy parallel 

Bp • - ( - ^^) gto) and the energy antiparallel (Ba ■ 4 -< g bo) Is g8H 
(14). 

When the electrons are subjected to a radio frequency magnetic 
field such that a resonance condition 

hv ■ dB <■ g3H 

Is established, where v Is the frequency, transitions between the paral- 
lel and antiparallel orientations occur. In classical terms, the elec- 
tron magnetic moment vector axis precesses about the static magnetic 
field vector at a precise frequency called the Lamour frequency. The 

-► 

The energy of a magnetic dipole Ms in a static magnetic field is 
electron is able to absorb energy at this frequency to cause transitions 

between the parallel-antiparallel states. 

2.7.2 Boltzmann's Distribution 

h net absorption of energy from radio frequency field, v, can be 
observed if there exists a difference in probabilities of transition or 
in the populations of the two orientation states (14). 

At thermal equilibrium where there is no net transfer of energy 
within the system, the ratio of populations of parallel and antiparallel 
states is given by the Boltzmann equation (14) t 

.^geWkt ^,2) 

%ihere k is the Boltzmann constant (k • 1.38044 x lO'^^erg IT^). The 
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signal intensity increases with an increasing Na/Np ratio, so from this 
equation one can conclude that signal intensity increases with decreas- 
ing temperature IS]. 

A basic assumption of B8R is that radiation fields do not effect 
the thermed distribution of electrons in the two energy states [15]. 

2.7.3 Power Saturation 

The BSR signal intensity is proportional to the microwave energy 
density from the onset, but with increasing microwave power levels the 
ESR signal increases until maximum is attained after tdtich the intensity 
decreases until disappearance (€). The nonlinear dependence of signal 
intensity or microwave power is called power saturation [16]. 

If the resonance condition is to be maintained the electron must 
have mechanism to dissipate the absorbed energy so that saturation of 
the higher energy state does not occur [17]. 

The processes in which electrons lose energies are termed relMa- 
tion processes and involve the sharing of the energy of the electron 
spin with thermal vibrations of the solid, generally termed spin-lattice 
interactions [17]. The strength of spin-lattice interactions are 
characterized by the spin-lattice relaxation time, T^, with the stronger 
interactions causing a shorter T^ emd thereby reducing the chance of 
power saturation [17]. 

Spin-spin interactions are energy transfer mechanisms which occur 
between electron and nuclear spins of neighboring atoms and also between 
unpaired electrons of different molecules [17]. Spin-spin interactions 
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do not dissipate energy but can transport energy to positions with 
strong spin-lattice interactions, thereby shortening Tj ( 61 . 

2.7.4 The MR Spectruw 

Most spectra obtained on an E8R Spectrometer are the first 
derivative of energy absorption curves, because of the use of phase 
sensitive detection. Phase sensitve signal detection uses a signal 
frequency sine-wave modulation to carry information through changes in 
amplitude of that modulation [151. Figut® « gives a schematic of the 
variation in amplitude of the magnetic field modulation as the absorp- 
tion curve is scanned and recorded [171. 

2. 7. 4.1 Lineshapes 

The lineshapes of ESR signals are determined by interaction of free 
radicals with their local environments while line widths depend upon the 

strength of the interaction and relaxation times [51. 

There are two main types of line shapes generally used to charac- 
terize absorption curves, namely lorenztian and Gaussian [61 . 

In a homogeneous system of a single radical, where relaxation 
depends on spin lattice interactions, and on the condition that thermal 
equilibrium is maintained, theory predicts a lorenztian lineshape of the 
ESR curve [15]. An inhomogeneous system where the electrons are in 
different local environments results in resonanace not occurring simul- 
taneously for all spins. If spin-spin interactions occur more slowly 
than spin-lattice interactions, the spin system will not attain equili- 
brium and the lineshape will be Gaussian [151. 


I 


Many apeotca art a oombination of Gauatlan and Lortnitlan ftatucta} 
which pctdoainataa can bt Idtntlfitd by tha alopt atthod aa llluatratad 
in Figure 9 16,15]. 

Ingram givt four important paramattra to dafina any BSR apactrum 

M7J: 

1) Tha *g-valua" or apectroacopic aplitting factor 

2) The value of any aplitting in electronic levala 

t 

3) The value of any hyperfine aplittinga 

4) The width cf abaorption linea. 

The g-value glvea an indication of the difference in the two energy 
levela of the parallel and antiparallel atatea of the radical electrona 
[17]. Anisotropiea cauaed by local magnetic field differ encea in the 
free electron environment in single crystals can give information on the 
structure of the radical if an understanding of the nature of the aniso* 
tropic interactions is possessed [6]. 

The determination of the g-values of randomly oriented radicals in 
an amori^ious solid or crystalline powder gives a less detailed picture 
of radical structure and electron distribution because the anisotropies 
are averaged spatially in the sample [6]. 

The splitting of electronic levels occurs with the exlstance of 
diradicals and triplet states. Due to line broadening, these electronic 
level splittings are difficult to observe in a noncrystalline solid 
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2.S.2 llyp»rfin» Splitting 

Rypcrfine splittings ars dus to intsrsotlons of Inpsired slsctions 
with Mignstic fislds dus to nuclsi prtssnt in ths sans radical (8]« 
Nuclear spins of various element are given in Table 2. 


Table 2.2 

Nuclear Spins for Different Nuclei 
Z 2 X 



1/2 

13c • 

1/2 

1^0 

0 

h 

1 


1 

32s 

0 


0 

15n 

1/2 

33s 

3/2 


In a spin system immersed in an external magnetic field in which 
the electrons are adjacent with nuclei which have spins, 1 ■ 1/2, the 
magnetic field experienced by a particular electron will either be 
shifted to a higher or lower energy by a value ”A" called the hyperfine 
splitting constant. Figure 10 diagrams the hyperfine or Zeeman split- 
tings of an electron (s « 1/2) and a proton (I « 1/2) (6) . 

Probabilities for energy transitions due to changes in electron 
spin and nuclear spin with relation to the magnetic field may be deter- 
mined. The only transitions allowed involve either the electron or 
nucleus but not both. (6). 

The magnetic interaction between electron and nuclear spins of the 
same molecule ie called hyperfine coupling and is most readily observed 
in dilute solution where interactions with nuclei of other molecules is 


minimised 


Figure 10. The byperfine or Zeeman splittings for an electron (8 
and a proton (1 • 1/2) (6). 
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2.7.4.S Anl»otroplc Infraction 

lilt hyptcflnt Inttrtetion My bt brokm Into an isotropic and sn 
anisotropic ttrm. His isotropic tarn is tht fbriai-contsct intsraotion 
shicti originates frcn alsetron nuclear electrostatic interaction. Hie 
anisotropic terea is due to dipole-dipole interactions. 

Anisotropic hyperfine splitting can be atubied in detail in crys- 
talline Mterial by rotation of the crystal in the Mgnetic field [17]. 
In anorphoui crystalline powder, and viscous liquids solids this aniso- 
tropic hyperfine splitting causes broadening of the signal thereby 
SMsring out hyperfine structure of any type (14]. 

2. 7. 4. 4 Isotropic Interaction 


Isotropic interaction is proportional to electron density at 
the nucleus (17]. It can only be observed if the orbital in which the 
electron is present gives a finite electron density at the nucleus (17]. 

In aromatic free raidcals the unpaired electron occupies molecu- 
lar orbitals which theoretically have zero electron density at the 
nuclei. If excited states are admixed with the ground states of the 
orbitals this conuitlon is not observed and a hyperfine constant of 26 
gauss can be calculated, which is close to experimental values (17]. 

2.7. 4.5 Sxchanqt Interaction 

Exchange interaction occurs in samples of high radical concentra- 
tion and is caused by radicals being in such close vicinity with each 
other that there is orbital overlap (14]. The result of this overlap is 
that the ESR absorption line is much sharper than would be obtained in 
the presence of just anisotropic interaction. Since the electron does 
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not exist in the local magnetic field of any particular nuclei long 
enough, hyperfine interaction la not observed [14]. 

2.7.5 Radical Concentration 

5he absolute radical concentration can be obtained from spectro- 
meter parameters and the relation bet%feen spin concentration and the 
magnetic susceptibility of the free electron [15]. Due to the number of 
independent measurements required a comparison method is more often, if 
not always, employed. 

In the absence of power saturation, the area under eun BSR edasorp- 
tion curve is proportional to the number of spins in the sample 15]. 
Assuming a relatively small linewidth and that reflections in the wave- 
guide do not effect measurements, a sample with eui unknown spin concen- 
tration can be compared with a sample with a known number spin using the 


derived equation [19]: 

gs s(s + 1) 


Nx = Ns 


gx s^s + 1) 

Q E ^ 


„ (T - 0) K 

? {1)x («> * = 


F- S> 


• 2 , Hm ' 

H f X 

s X 


F 2 A 

s X X 

F 2 A 

X S X 


(13) 


dH 


where x relates the unknotm sample and s to the standard. H - is 

dt 

the magnetic field sweep rate, g is the Land^ factor, s is the spin 
quantum number, v is the sarple volume, n is the filling factor, V the 
crystal voltage, Q the loaded quality factor of the cavity, Hm' the 
modulation amplitude, f » 1/2 Bm'/Hmdv a correction for modultion field 
inhomogeneity, Fu the amplitude factor, 2 is the microwave frequency, T 
the absolute temperature in Kelvin degrees, 6 is the Weiss constant, and 


A is the area under the absoprtion curve [19] 
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If the same crystal voltage* microwave frequency, and temperature 
are used for samples and the values S ■ )/2 and 6 « 0*K inserted with 

the substitution of ■ * equation B becomes |19Jt 


NX > Ns 


’8 


X 


• 2 

g H 
’x s 


Bn ' 

X 


P Q A 

8 ^8 X 

F ^ 0 A 

X ^ X 


(14) 


Samples of approximate equal g value, filling factor, and recording 


parameters, H, Bn, and P this equation is fi^rther simplified: 


NX • Ns 


A V 

X X 

A V 

8 8 


(15) 


Methods to determine absorption curve areas include an analogous 
method developed by Burgess (20], direct electronic integration (15], 
and numerical integration method such as reported by Wyard [21]. 

2.8 Radiation Damage in Polymers 

Experimental evidence indicates that equal runounts of absorbed 
energy by polymers cause equivalent changes in the polymer properties 
independent of radiation type (4]. Practically, the most important 
effect of high energy radiation has upon polymers is induced changes in 
mechanical properties. 

Polymers can be divided into two groups, thermoplastic which 
consist of long chain molecules and thermosetting which exist as three 
dimensional networks. Radiation effects of chain scission and cross- 
linking show up more dramatically in thermoplastic materials than in 
intrinsically crosslinked materials such as thermosetting resins [4,22]. 

The radical chemical reactions discussed in Section 2.3 are the 


same for radicals as in polymers. Many radiation induced reactions have 
low moleculeu: weight analogies (22]. Unlike low molecular weight 
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compounds, mechanical and physical properties can be greatly altered by 
a very small amount of reaction (22J. 

The addition, fragmentation, rearrangement, combination, and 
disproportionation reactions may take place with ionic species as well 
as with free radicals (23]. 

2.8.1 Crosslinking and Scission 
These reactions ultimately change the chemical structures of the 
polymer molecules which either results in crosslinking or scissions and 
in turn, alters the physical properties of the material (23]. The 
reactions idiich take place are very much a function of chemical struc- 
ture of the structure units. 


For example, polymers constructed of vinyl units of the form 

H R 

I t 

will undergo chain scission. If each segment contains on a- 

I I n 
H R 


H 


hydrogen or is of the structure 
will predominate (24.] 


(-CH 2 -CH 2 — ) or (-CH 2 -C-) crosslinking 
n I n 

R 


Dole 125] states that due to steric hindrance of the more substi- 
tuted monomer the heat of recombination is higher, making recombination 
less probable. Radiation damage is minimized when the damage in the 
form of biradicals is repaired by recombination ( 25 ], 

Charlesby states polymers that degrade by main chain fracture show 
no crosslinking and there appears to be no competition between the 
possesses of crosslinking and scission. 
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Crosslinking with radiation increases the molecular weight of the 
polymer to the limiting value being that sample is comprised of one 
molecule. Increased crosslinking will bind the polymer into material 
«fhose properties are a function of crosslink density [23]. 

Scission results in the reduction of molecular weight idiich means 
an increase in solubility, a lowering of the glass transition tempera- 
ture, and a decrease in tensible and impact strength [23,4]. 

Side reactions to scission and crosslinking are the production of 
low molecular weight fragments and gases and also the formation of 
unsaturation (23]. The gases formed either escape readily or if higher 
molecular weight plasticize the polymer eventually causing swelling, 
cracking, or even foaming at high temperature [4]. 

2.8.2 Aromatics 

Another example of the Importance of the chemistry of the structur- 
al unit is that aromatic polymers exhibit a resistance to radiation 
[3,23]. These compounds cem absorb energy by raising to excited states 
and then dissipating the energy that does not disrupt the chemical 
structure [23] . 

The G (crosslinking) , G (main chain scission) , and G (gas produc- 
tion) are all considerably less for polymers that contain aromatic 
structures than those that do not (26). 

More specific examples of the effect of radiation upon solid phase 
polymers will now be reviewed. The relationship between free radicals 
generated and mechanical property effect will be accented. 
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2.8*3 Polythyi«n« 

Poly«thyl*n« is s polycrystallins polymer » whose physical and 
mechanical properties have been extensively studied. Its radiation 
chemistry has also been widely investigated using BSR. 

At low doses properties sensitive to inter lamella* amorphous area 
activity in the polymer are the most effected [27]. Changes in time** 
dependent properties as creep* stress relaxation* and stress cracking 
are a result of crosslinks which decrease viscous flow in the amorphous 
regions [27]. 

Higher dosages cause loss of crystallinity which decrease the 
strength and modulus of polyethylene [27]. 

2. 8. 3.1 Free Radical Reactions 

The free radicals generated in the radiolysis of polyethylene at 
liquid nitrogen temperatures are the alkyl radical (.jCH^-^H^-.) * G 

(alkyl) ■ 1.4 - 6.0* the allyl radical* (-CH-CH » CH-) * G (allyl) ■ .023 

- 0.4, and the polyenyl free radical, (-C^(CH - CH)_ ), the latter is 

n 

only produced in significant yields at higher doses [28]. 

In linear* unbranched polyethylene main chain scission reactions do 
not occur* recombination is the major mechanism leading to the formation 
of crosslinks [28]. 

The production of allyl radicals is thought to be the product of 
the initial reaction [9] 

— CH 2"^H 2*^® jF“ 1 C H 2 ■ CHi.. 

and then the reaction 

uCRj-XR-CR^-. ♦ -CHj-CH • CH ♦ 

-CHj-CHj-CHjp ♦ -CaXHj-CRj. 
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the probability for such react Iona occur ing la enhanced by the 
eechanian of abstraction type radical transfer causing a net sdgration 
of the free electrons (281 i 

R + R‘H RH ♦ R* . 

Oxygen reacts readily with polymer radicals to form peroxide 
radicals In chain reactions. Approximately five oxygen molecules per 
radical react to cause chain scission, carboxyl formation, and hydroxyl 

formation (9) * 

Figure 10 gives a schematic of possible routes of reaction of 
oxygen with allyl radicals, the predominate radical at room temperature 
(28) . The lact reaction of each sequence continues as a chain reaction. 

2. 8. 3.2 Decay of AlKyl Radicals 

By separation of the ESR spectrum of irradiated polyethylene into 
components Charlesby, et al (18) found that alkyl radicals decay accord- 
ing to the second order rate laws 

[j_] + [i ] . kt (i«) 

^R*'’ ‘•R*"' 

This equation results from the integration of the second-order rate 
equations 

<3^ I 

and one assumes that the reaction occurs in a uniform medium (47) . 

Smith and Jacob (47) found that the initial rate of disappearance 
of alkyl radicals does follow a second-order rate law and after a 
transition period a different second-order law. Assuming that tha alkyl 
radicals exist in isolated spurs with an initial specific volume. Smith 
and Jacob found their data could be fit with the equation 
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L . 1 . ^ - 1 . ,2,^ / T) 


(18) 


irtiets Is the ratio of the overall radxcal concentration at time t 

to the initial concentration, n/n^ is a similar ratio except pertains 

to a single spur. Tq is the time required for the square of the 

radius of a spur to increase by an amount equal to the initial value. 

and T is the average lifetime of the radical. 

Johnson, Wen. and Dole (48) found no second order decay, but 

quantitatively interpreted the kinetics in terms of fast and slow first 

order processes following the equation: 

_ -o -Kst._o -kft 

C ■ C e 4C, e (19) 

8 £ 

%dtere Cg and c^ are the concentration of slow decaying and rapidly 


decaying radicals, respectively, kg and kp are the decay constants. 

and C° and c^ the initial concentrations of these two radicals. 

s X 

It is possible that the different conclusions on the order of alkyl 
radical decay in polyethylene results from differences in the nature of 
the solids, the time range of the experiments, or the initial radical 
concentration (30) . 

Dole and Inokiti (30) developed a mathematical model in which the 
radicals are isolated wong a number of physically separated zones and 
the reaction rates ue considered from the standpoint of the transition 
from second to first order kinetics as the concentration of reacting 
species becomes small (on the order of ten or less) and also from the 
standpoint of an initial nonuniform distribution of reactants in the 
zones. The radicals are assumed to be inhomogeneously dispersed in a 
number of zones or spurs, s, all of equal volume Vi, each containing a 
number of radicals (i » l,2,3...s^). The regions exterior to the 


I 
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zones ace excluded from free radical diffusion and reaction. C is the 
overall average concentration of free radicals. 

If the reactions in each sons «mre strictly first order then 

“I Sj(dc^/dt) - ki J SjC^ ■ s(dc/dt) - k^sc (20) 

and the overall reaction observed will be first order. 

If the overall reaction %iere ideally second order in each zone the 
rate equation in the above terns would be 

-Id I ideal “ <21) 

where 

»l - 7 Z .jUj (22) 

The actual, observed reaction rate is expresed 

-fd I «illi/dt)^, - (23) 

%diere 

- I siNiVs . (24) 

The ratio, of the rate observed to the ideal is given by 

-d(I.i(Ht/dt))^, (.jJ)^^ 

*b -d(iSjH^/dtlj^,., ■ ^j,2 

The observed second order reaction rate will appear faster or equal to 

2 

the ideal because the term will always be greater or equal to the 

term (N^)^. 

The number of ways two radicals can be chosen to react out of the 
number is given by the following binomial coefficient: 

- Nil/(N^-2)I2I - N^(N^-1)/I (26) 

When Nj»l, their equation reduces to a strictly second order propor- 
tionality. 
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Xwaaaki, at al (31) dataeted tha praaanoa of radical paira in 
polyathylana that do not incraaaa in concantration with done rata. Thay 
concludad thaaa radical paira do not fora by occaaional overlapping of 
apura but ara foraad in intrinaic ration indicating a saturation limit. 
They also concludad thaaa radical pairs were two alkyl radicals 


-(CHjCHjCH)-(31) . 


If a radical is situated so that it can only react with one other 

f 

radical, as can be assumed with these alkyl radical pairs, the number of 

Ni/2 

ways in which these radicals can react is ' and is equal to Mi/2. 

The ratio of second order to first order reactions would be 

- «1 - 1 


2 

The true second-order rate is proportional to and the first 
order would be proportional to so the aibove ratio is proportional 
to 


Restoring the assumption of no overlap of reaction zones and 
introducing the assumption that radicals exist in the zones only as even 
numbers, (i.e*. only radical pairs are produced) the results of the 
preceding analysis can be illustrated in Figure 11(30). Recombination 
rates will be predominately first order if only one free radical pair 
occurs in each zone, and the fraction of second order kinetics observed 
will increase as more radical pairs are assigned to each spur. 

If the radical distribution is nuiltinomial (random), then the 
overall observed reaction rate constant would be strictly second order 
(28). If the radical concentration in the zones is random (nonuniform) 
emd the restriction to even numbers of radicals in each zone is 
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neglected, the reaction rate should be exactly second order (30). If 
the concentration in the spurs are equal, a deviation to first order 
kinetics Mould result. 

2. 8. 3. 3 Decay of Allylic Radicals 

The decay of allylic radicals in the crystalline and anorphous 
areas of polyethylene can be mthesMtically described as a second ord: f 
decay process occurring simultaneously in different sones (32). One 
must assume tuo spatially separated second>order reactions occurring 
with and without diffusion control in each sone for the best interpreta- 
tion of the experimental data. The application of this technique will 
be reviewed in section dealing with poly (ethylene terei^thalate) . 

2.8.4 Polyamides 

Polyamide? are semicrystalline polymers that, when containing 
aromatic groups, exhibit good radiation resistance (33,34). Nylon 6,6, 
a nonaromatic polymer, exhibits significant loss in tensile strength and 
breaking elongation due to chain scission yields being greater than 
crosslinking yields (34). 

The predominate free radical in nylon 6,6 is at the o-carbon to 

amide nitrogen (C-N-C) (34). Disproportionation results in an amide 
I I I 

0 H B 

group and one (CONaCH) group which deennposes to produce a chain scis- 
sion (34). 

0 0 0 0 

» . ' . * i 

-4CN-CH>. ♦ HC-N-CH). ♦ + 4C-N-CHf 

1 I I * ^ 

H B N 

Neta-xylylenediamine and adipic acid form an aromatic polymer. 
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MXD-6* of the atructurt 

0 OB 

1 I 
(C-CCBj) ^C-N-CR 

whidi shows csslstance to ganaw rsdistion (33) . 

Bsdical Dscay 

Krasnansky observed changes in optical density at 300 nu of a OV- 

vlslble spectrin was the result of colored species ( 33 ) » 

' 0 

I 

-C-N-C- . 

Rrasnanaky (35) derived the following empirical equation to describe 

experimental decay curves in Figure 13: 

dA 


.2, k,t -k t 

^ - A (c^e 1 ♦ c^e 2^) 


(28 


This is derived from the equation for the straight line in Figure 12: 


and figure 14: 


ln(^)«k t ♦ a 


\) ^ 

■ -k.t b. 

Ay A i 


(29 


(30 


®*®ae two equations combine to give 


'i 


b -“i' 
e e - e e 


(3i: 


where F means final, i the initial time of the reactions, and A is the 
absorption. Equation 19 can be written 

-kjt 

5T - (c^e - c^e ^ ) ,32j 

and differentiated to give equation 28 which describes a second order 
process dependent upon two catalytic species, one increasing and the 
other decreasing with time (35). 
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SliM«rM«n (36) obtained a na^atlva deviation fron linearity in 
radical oonoantration varaua doaa rata curve for varioua polyaaidaa as 
ahown in Figure 14 (36), 

The polyaara, nylon 66« nylon 610, and the polyanida fron 2 natbyl 
hexaaathylana diamine and oxalic acid, were irradiated with 2 Mev elec- 
trona at 78*C where the decay termination rate ia aaaumed negligible 
(34,36). Zimerman (36) alao found that the radical termination rate 
Constanta decreaae ae doae increaaea. Be aaaociated these phenomena 
with the overlap of free radical spurs at higher doses. 

The dose at which linear dependence ceases indicates the placement 
of new clusters of radicals at sites of previous spurs. Assuming spurs 
distribute randomly in an irradiated solid during the radiation process 
and that the polymer is divided spaclally into N boxes each having the 
average volume of a spur, a model can be constructed. 

Let f^ be the fraction of boxes containing no spurs, f j and one 
spur, f 2 two spurs, etc., while r is the ratio of spurs to boxes. The 
change in f per unit change in r ist 

“ dF • *o (33) 

similarly, 

dT* ■ ^o “ *i (34) 

dfr - 

'ST * ^n-l ■ *n (35) 

These equations are solved as those developed by Fiory (37) for 
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calculating aolecular weight distributions formed by addition polymeri- 
zation of monomers to a fixed number of chains. The solution Involves 
rearranging and Integrating equation 33 

In fo « -r (37) 

fo » e"^ (38) 

Inserting Into equation 34 

df 

ar * 'i * • 

and solving the resulting first order linear differential equation 
giving 

f^ - re”*^ (40) 

For equation 35 placing the value of n » 2, the solution is 

f^ - rV'/2 (41) 

The general solution ceui be deduced to be 

f^ « rV'/nl (42) 

which is a form of Poisson's distribution formula. Figure 16 illus- 
trates the changes of ractions of boxes containing different numbers of 
spurs, f^, f^, fj, f^, and f^ which is the fraction of polymer occupied 
by more than one spur, with increasing r tdilch is proportional to radia- 
tion dosage (36) . 

From Figure 15 marked deviation from linearity for nylon 66 and 

nylon 610 occur at 5 Nrads and at 10 mrads for polyoxamlde. From this 

fact, these doses correspond to r ■ .2 in equation 29 and the number of 

spurs Is equal to the number of boxes (r«1) at 25 and 50 megarads, 

respectively. The diameter of a spur can be calculated as 38A for 66 

and 610 nylons and 30A for polyoxamlde, assuming for each spur lOOev are 
dissipated (36). 






I lYTilf Biif I I il< nil 


OOSt 


Figure 15, 


Figure 16* 


Transient optical density versus radiation dose for irradi 
ated polyamide films (0.1 mm thick). 1 ) i^ion 6,6, 

2) Nylon 610, and 3) Polyoxamide (34), 



Variation in distribution of spurs with radiation dose the 
change of the boxes containing different numbers of spurs, 
^2' ^3 which is the fraction of polymer 

occupied by more than one spur, with increasing r which is 
proportional to radiation dose (34) , 
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2.8.5. Poly (ethylene tetephthalate) 

Poly(ethylene texephthalate) , PET, is a condensation polymer .of the 
regular structure 

that 

When exposed to high energy radiation the elongation at break 
decreases for PET. decreases' at the same rate as polyethylene, but 
the tensile strength vrhich is initially much higher decreases faster 
(23). The radiation stability of PET is vietfed as lower than polyethy- 
lene (23) . 


0 

I 

HOCH CH -O C 



0 

1 

c 


leads to a high degree of crystallinity. 


Chapiro (4) states that an increase in modulus is always observed 
at low radiation doses, but decreases to below the original value at 
higher doses. 

The ESR spectra of PET irradiated and recorded at -196*C gives a 
strong singlet with g equal to that of a free electron (38). The signal 
can be photo bleached cuid saturates with power easily so Memetea and 
Stannett (38) concluded the peak was due to trapped electrons (38) . 

Araki et al (39) irradiated biaxially oriented film in vacuo and 
then exposed the sample in air to oxidatively degrade the free radicals 
in the amorf^oi's regions. 

The resulting spectra of six or eight iines. depending upon sample 
orientation was assigned the structure: 



0 

I 

C-OCH-CHj-CX: 



An extra center line was tentatively assigned by Araki et al 


(39) 


to this structure: 
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Completely amorphorue PBT yields poorly resolved spectra that have 
not been analyzed (40) • Figure 17 shows that the initial accumulation 
of free radicals with dose exhibits little difference whether irradiated 
at 196*C and allowed to warm to room temperature for examination or 
examined after irradiation at room temperature by ESR spectroscopy (40). 

The effects of radiation on RST are dependent upon dose rate. 
Specifically, under high dose rates the polymer gels because of cross- 
linking, but under low dose rates at the same dose levels solubility is 
maintained (40) . PET appears to be more susceptible to chain scission 
at low dose rates. 

Figure 18 (40) gives Turner's (40) mechemism for the dose rate 
dependence based on the available evidence. B»e probability of termina- 
tion of the propagation reaction at the botton of Figure 17 (40) would 
be greater at higher dose rates because more radicals would be available 
for termination (40). 

2. 8.5. 1 Radical Decay 

Stannett, et al (41) demonstrated that the Q function developed by 
Dole et al (32) for the kinetics of two simultaneous second-order reac- 
tions occurring in different zones can be applied to semicrystalline 
PET. 

nils model considers two reaction zones whose second order reaction 
constants are Kp for fast decay in one zone and Kg for slow decay in 
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the second* The assumption that there is no interdiffusion between 
zones is made* for if rapid diffusion between zones occurred the overall 
reaction would be observed as simple second order with a reaction rate 
constant equal to Kp Kg. 

With the condition that no exchange occurs between zones, the 
following equations can be mitten: 

(43) 

(44) 


c . Cj. c. 


c ■ c . + c 
o o,P o,s 

. ■ V. 


1 


o,s 


1 + ^o,s *^st 


(45) 


(46) 


irtiere equations 45 and 46 are the usual integrated second-order equa- 
tions, t is time, and Cq the total observed concentration at zero 
time. From these equations a ©-function is derived, 

t ^ ^ Ws ^ 


X, - x; K_ + c 




S s 




H7) 


Where Xp and Xg are mole fractions of the fast and slowly decaying 


species at zero time; eg X^ ■ p/C 


When Kg«Kp, Xg * 0, and K^ 


o 

0 , 




(48) 


and when a plot of Q vs, t is linear with a non zero slope the conclu- 
sion can be made that only one of two types of radicals present is 
reacting at a measurable rate. 


For the more general case the following equation is used: 

« 1 Kt 

® “ A + Bt 


where 


A - Kp + *8 Ks 
® - S*F*S' *F% 


(49) 


(50) 


( 51 ) 
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(52) 


*"V*^S*W 

Stannett et al (41) state that their present calculations with the 
Q function indicate that the radical decay rate constant is greater for 
a sample irradiated with a 15.0 Nrad dose than a sample irradiated with 
a 7.5 Mrad dose. Xn polyethylene the opposite is true, this discrepen> 
cy was tentatively explained by the fact that crosslinking is the 
predominant reaction in polyethylene and scission is predominate in EST 
at low dose rates. Crosslinking constricts the chain probability while 
scission should have the converse effect. 

2.8.6 Polysulphones 

Aromatic polysulfones form commercial plastics possessing a high 
glass transition temperature and a high thermal stability in both inert 
and oxidizing atmosphere (26). 

Two polysulfones studied by Brown and O'Donnell (43) are poly(oxy 
1,4 phenylene sulfonyl 1,4-phenylene-oxy 1,4 phenyleneisopropylidene-1,4 
phenylene) (I) and poly (oxy-l,4-phenylenesulfonyl-l,4-phenylene) (II) of 
the structures 



however after irradiatior in air flexural strength diminishes by fifty 
percent. Polysulfone II shows good retention of flexural strength with 










radiation in the same manner under vacuum but in air an initial decrease 
in flexural stren 9 th is evident followed by a decrease with increasing 


dose. 


Irradiation of both aulfones produces SO 2 g» indicating the carbon 
sulfur bond chain scission is an important first step follo»»ed by SO 2 


liberation (43) • 


ATS02AR ArSO* + Ar* 


ArSOl Ar + SO- 
2 2 


This reaction is supported by the ESR experiment of Lyons et al (44) in 
%*idj he identified the presence of phenylenesulfonyl radicals in T“ 
irradiated polysulfone 11. Also from his work I^rons concluded both oxy- 
and sulphoxy- linkages are susceptable to breakage. 


+ *0 


At liquid nitrogen temperatures, the major radicals present are 

cyclc^exadienyl radicals formed by the process (44) : 

RCH- -» RCH . + H* , 

Crosslinking and scission reactions are possible for both the 
polysulphones could involve an aromatic i^dicalt 

Ar 4- -AR- 4 . 

A possible reaction sequence that leads to chain scission in polysulpone 
1 at the isopropylidene linkage is given below (44) 


-C-Ar ♦ -Ar C - Ar - + e* 
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ML 



Ar - ♦ Ar 



Ae 


CH, 


-Ar-C-Ar- ♦ -Ar-C' 


+ »Ar - 



-Ar-C 

I 

CH. 


CB 
I 3 

- ArC - H 

I 

CH, 


The decrease in flexural strength was shown by Brown and O'Donnell 
to be dependent upon the diffusion of oxygen. Increases in chain 
scission at the surface manifested by the lower viscosity of polymer 
removed from the surface relative to regions in the center of the 
sample. Illustrated that the decrease in flexural strength would be 
observed in air only if oxygen is allowed to diffuse far into the sample 


(26). 

2.8.7 Epoxy Resins 

Epoxy resins are thermosetting polymers. A widely used epoxy is 
based on polyethers formed in condensation reactions between bispbenol A 
and epichlorohydrine (23). 



Epoxies required large portions of amines for curing, and the use 
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Of «o«ttc «1«. r.,i.t.ne. to «l.tl«ly hf,l. do.« 

(45). 

0«w.ll play, u inttfct. tol. In th. d.at.a.tion of q»xiu mi u 
bis*. doM r«o. It ly b. d.pl.t.d f„t.r th« dltfu.ion cm occur 
naking sample thickness pertinent (23) • 

H>M. u. fm liSR ttudlM of Uradiatud epoay laaias. overall ( 4 () 
raportad the janaratlot of radicaU in .poxy rod. mich dartenad upon 
baatlnp to In alt. Beating in vacuin of the aanple cauaed a decay 

of radiala and a decteaae in the initial line width from «-lo ,aua. to 7 
gauss after 17 days. 

Beating new aanplea in vacuum at 180*C produce! no radical., 
me dUappearance of radicala on heating the epoxide rod. in vacuum 
shorn thi. ptoce.. occur, through molecular diffusion rather than 
through interacton with oxygen. The necessity of air to produce radi- 
cala is probably due to dlffualon controlled oxidation. 

The ESR spectra is untaaolved, but the most probable radical la the 
result of oxidative sciasion of the polymer chainat 














mig. 




so 


3. Exp« limntal Procedure 

Ciba Geigy MY720 Alradita Epoxy Realn traa cuced with Epocal Barden- 
ei (Ciba Geigy) and irradiated with 0.5 Mev electron radiation at room 
temperature and with ^^Oo (1.33 and 1*17 Mev) gamma radiation at liquid 
nitrogen temperature. Free radical concentration in the aamplea were 
estimated by comparison with a free radical standard double integra- 
tion of the ESR spectra. Radical build up with dose and radical decay 

/ 

curves with time were analyzed and the results contpared with those of 
other polymers. 

3.1 Materials 

3.1.1 Epoxy Resin Samples 

Ciba Geigy HX720 Alradite Epoxy Resin is named tetraglycidal-4,4* 
diaminodiphenyl methane (TGDDM) and Ciba Geigy Eporal Hardener is 4,4' 
diamino diphenyl sulfone (DOS) . The structures of the epoxy resin and 
curing agent are given below (50) t 



Tetraglycidyl - 4,4* diamino diphenyl methane 

(TGODN) 

0 



4,4' - diamino diphenyl sulf^ione 


(DOS) 
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3.1.2 Radical Standard 


The radical standard usad was 2.2 - diphenyl - 1 - ploryl hydrsyl 
(DPFH) (Mr ■ 394.32) which was suspende d in Scotch brand 3N epoxy amide 
resin. 

K — 





2-2 diphenyl - 1- picryl hydrazyl 
(DPFH) 

3.2 Equipment 

3. 2. 1 Radiation 'Equipment 

Radiation from an electron accelerator and Cobalt - 60 geunna source 
were used in this study. The electron accelerator, manufactured by High 
voltage Engineering Corporation, was operated at 8.3 milliamperes beam 
current and 500,000 volts from an insulated core transformer. This 
equipment utilizes a horizontal beam scanned 48” by 6”. The samples 
were hung vertically on a conveyor, idiich carried them in front of the 
beam twice each revolution through equipment so that samples received 
half of their total dose on each side. All radiations were carried out 
in nitrogen filled ziploc polyethylene bags from Dow Chemical Corpora- 
tion. Dosimetry measurements performed by Haranong (3) were used for 
dosage determination in this investigation. tRie gamma radiation was 
obtained from a Gamma Cell 220 cobalt - 60 source with a known dose rate 
of approximately 0.24 Mrad per hour. 
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3* 2. 2 K8R 8p>ctro— f r 

ntt radicals genaratad by Irradiation wars obaarvad on a Japan 
Blaotron (^tica Laboratory (jaOL) JI8 - MB - 1X B8R apactronatar. 
Maaaarananta «ara attda at liquid nitrogan tanparatura in an ianaraion 
dawer^ 

3*3 Procadura 

3.3.1 Bpoay Sampla Praparation 

Tha aaaplaa ware in tha fora of cylindrical rods %«hich wars 3/32* 
(0.238 cm) in dianatar and vara conpoaed of 731 (w/w) TGDCM and 27% 

(w/w) DD6. 

Tha rasin was aixaJ by first waighlng tha TGDDM in a tarad contain- 
er and hasting to 100 - 110 *C on a hot plate agitated with an ovarhaad 
nechanical stirrer. The calculated amount of DD6 was slowly added to 
tha TGDDM at 11C*C continuing stirring until tha DOS was completely 
dissolved. 

The mixture was placed in a heated vacuum desiccator at 110*C and 
daareated. TO avoid excessive overflow of the mixture from the contain- 
er the vacuum was shut off at three five minute Intervals (and the 
system flushed with nitrogen). The desiccator's heater was then shut 
off and the desiccator and contents were maintained under vacuum for 46 
hours at room temperature. The mixture was stored in a desiccator until 
use. 

The epoxy resin was reheated under vacuum to 1U>^7 and then placed 
under a nitrogen atmosphere. Teflon tubing with a 3/32* inner diameter 
cut into lengths of 3 cm were inserted lengthwise into the TGDOM/DOS 


S3 


h- 


f 







i 

t 

1 

1 

1 

I 


nixtucc and allowad to sink, lha aolution was allowad to ocol. lha 
eontainar was than bcokan and tha axoaaa rasin waa aaaily takan off tha 
surfaca of tha taflon. Iha anda of tha tubea aara aaalad with taflon 
tapa. Tha caain waa than ourad at 137*C for 3 houra and than 160*C for 
S houra. 

Tha eurad apoxy roda wara ranovad by aithar cutting tha top of tha 
tubing langthwiaa and paaling it off or by pushing tha rods out with a 
ssMll natal rod. Tha aanplaa wara waighad, wrappad in aluninun foil, 
labalad. placad in a dasiccator, and atorad undar vacuum. 

3.3*2 Standard Samples 

DPPH was waighad out into a tarad eontainar and than Scotch brand 
3m apoxy rasin and amide hardener wara added to tha container, waighad, 
and mixed in tha same manner as tha TCS>OM/DOS system except at ambient 
temperature. Tha mixture was dearaatad for IS minutes and taflon tubes 
inserted into tha rasin sdxtura* The rasin was allowad to partially 
cure at ambient temperature before tha taflon tubes ware removed and the 
rasin allowad to fully cure for 24 hours* 

3.3.3 Blaetron Irradiation Exposure 

Tha samples which were wrapped with aluminum foil and placad in 
nitrogen filled siploc bags were placad on the conveyor belt of the 
electron accelerator and passed through the resulting in a nominal 10 
Mr ad exposure per pass. Bach pass took approximately 3.5 minutes. 

The samples were removed from the conveyor after the desired dosage 
and immediately immersed into a Dewar containing liquid nitrogen 
(•196*0, stored until B8R measurement was made. 



i 
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3.3.4 ggma Irradiation BKpoauf 

1h. U-lnu. toll o»Pl« >»'• 

of ti- 1.. . »«>« cooflnlo, UTlia nitro,«. -.t=h «• 
loc.t.4 in th. lic«U.tlon of the 9 <— «U «. • t»g. of 10-50 

Hred doMOO. ooold h. obulned. the OMPlM *•« *“ 


neasurement was made. 

3,3.5 B8R Measur amenta 

The MWle* «•••“«* on the BS* sp«:tionetet at liquid nitto- 

q«. te.(M.tut. uitb «. BSK quatta nltroqen InMt.lon dewar. Th. 
typical aettlngs on the ap.ctio.etei «.te aa follows 

Maqnetlc field . ~ 3700 - 3740 ± 100 Gauaa 

: ~ 1 X 1 - 1 X 1000 

: 0.1 - 0.3 sec 

.63 - 1.6 Gauss 
0.2 - 0.6 mw 
0.5 - 0.7 inA 
~ 9.35 GHZ 
5-10 minutes 


Gain 

Response 

Ifodulation width 
Power 

Crystal Current 
Frequency 
Scan time 


The float d«:ly.tl« ap«!tt. wr. doubly intaqoated by the nunerl- 


cal e«thod of « yard (21). the «iuatlon uaed wa. 

A - 1/2 h2j;„(2n - 2t t 1) yt 

.hete h la the uldth of the Intet.al Into wlch th. ««cti. wt. 
dlulded, n la the nuWet of Intervale, and y la the height of the r 
interval at the .iddl. of the Interval. A U the area of the abaorptlon 


c - ^ 


ourv« of th« sptr and la pcopoctional to tha radical ooncantratlon in 
tb* aanpla. 

Tha areas of the WPB sanple with known spin concentration were 
coapared with areas of the unknown TGDDM/DDS saaples to estimate the 
radical concentration of the unknown sanples. OSing the formula: 


Au 

NU 




X W. 


'd 

*Tu 


where A is the area of the absorption spectra, C is the concentration 
(spins/g), F is the amplitude setting, and w the weight in grans while U 
and D are subscripts denoting the unknown and DPPH samples, respective- 
ly. 


3.3.6 Decay Experiments 

Radical decay was measured by exposing the sample to room tempera- 
ture for a period of time and then recording the BSR spectra at liquid 
nitrogen temperature. It was determined that the sample took about 1/2 
minute to reach 17*C and 2-3 minutes to reach roont temperature. %ls 
time was counted with the time of decay. It is negligible at long 


times 
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4. Rtsults md Disewion 

Osing an aapirlcal catlnata davalopad by Nalsh and Rutherford (SO) 
and applied to a thin f ila ^ Naraaong (3) , the curve that approxia«tes 
the dosage experienced by a TOraH/DDS aaaple vhich has an effective 
thickness of 122 nils (93.8 x 1.3 specific gravity) along the sanple 
thickness parallel to the electron bean is shown in Figure 1A. l!his 
curve illustrating the dosage experienced as a function of distance 
along the dianeter perpendicular to the bean as shown in Figure IB. l!he 
effective radiation dosage at the center of the sanple can be seen to be 
a fractional percentage of the dosage toward the edges. Ihe actual 
average dosage across the cross section is calculated to be 0.57 of the 
dosage delivereo by the bean. All the results hereafter are based on 
the normal dosage and are not corrected for variation over the cross 
section. 

In the garasta experiments, the high penetration of the gamma 
radiation into samples allows one to assume a homogeneous deposition of 
energy into the material. 

4.1 BSR Spectra 

Figures 2 and 3 show the BSR spectra of TGDDM/DDS samples; gamma 
irradiated at 196*C and an electron irradiated at ambient temperature, 
respectively. Ihe najor difference in these spectra is the presenca of 
long wings in the spectrum of the gamma irradiated sample (Figure 2) 
which are not present in the spectrum of the electron irradiated sample 
(Figure 3). The radical concentration of the sample irradiated with 


KCLATIVC AftSOABTlON VS THICKNESS PON 
TODDM/ODS SAMPLE 


RELATIVE ABSORPTION VS THICKNESS FOR 1/2 MEV 



I ., — - -1 , , I « « . - 

O OK)2 0.20^ 0.408 cm 


A 





Figure 1. Relative absorption versus thickness in sample 94 mils in diameter taken along (a) diasMtertS 
parallel to irradiating electron beam and (b) along diameter perpendicular to irradiating 
electron beam. 






! li E8R of CURED EPOXY 58 

y MRAOIATED 8S.7S Mrad q 77*K 

i j. E8R 0 T7*K 



ELECTRON IRRADIATED EPOXY OOMrodt 
IRRADIATED AT ROOM TEMP 
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Figure 3. ESR spectrum of electron Irradiated TGDON/DDS sample. 




3 — « radiation is 2.4 x 10 apins/g and tha electron irradiated sample 

spin concentration is 1.7 x 10^* spin/g. 

Pigure 4 aho«»s the speotrun of the gaxM irradiated epoxy sample 
after 6 minutes of decay. Along with a significant decrease in overall 
intensity of the spectrum corresponding to a radical concentration of 

1.2 X 10^® spins/g. the decay of the wings is essentially complete so 
that the spectrum resembles that of the electron irradiated sample in 
Pigure 3. this seems to indicate a very quickly decaying species which 
■ay be trapped electrons, radical ions, or radical pairs (though there 

is no peak at g>4). 

Pigure 5 illustrates how the g value of 2.0046 of an electron 
irradiated can be obtained by a comparison with the g- value of a DPPH 
saflg>le. the spectra exhibit no fine structure, though there is an 
assymetry present in ^diich become more predwninate as decay at roan 
temperature was continued. 

4.2 Radical Build-up 

Pigure 6 shows that the radical concentration versus gamma 
radiation dose (at 196*C) is a linear relationship. G (radical) has the 
value 0.59 radical/1 OOeV for this irradiation. Because this curve is 
linear, it may be concluded there is a minimal amount of radical 
reaction at this temperature and thus all paramagnetic species are 
trapped. 

Pigure 7 shows the radical build-up curve for samples exposed to 
1/2 MeV electrons and a curve showing the radical concentration at 
various doses after 200 minutes decay at room temperature (~ 25*C) . 
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Figure 4. ESR spectrum of ganma irradiated 
sample after 6 minutes at ambient temperature. 


Figure 5. ESR spectrum of electron irradiated 
sample with superimposed spectrum of DPPH 
suspended in epoxy resin. 
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Figure 6. Build-up of radical concentration with dose of Cobalt 60 
(1.33 and 1.17 MeV) in TGDDM/DDS samples. 
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Figure 7. Build-up of radical concentration with dose of 1/2 NeV 
electrons in TGD0H/DO8 samples. 








Bnergy is dsposltsd by tbs slsotrons in such a aannsr that spues or 


ptoups of radiosls are foraad* 0 ns can assusw that spur dua 


to diffuaion of radicals la slow baoauaa of tha lsaK>billty of tbs 


polyner chains. This assunption oan bs nada confidently if one notes 


the glass transition tenperature of a 73/27 (w/w) TGD0H/DD6 epoxy systen 
has been reported to be 190*C (52) and 260«C (50), this value varying 


due to differences in sanple preparation or rate type of 


sasureaent. 


Xf one also assunes the inhonogeneity of energy deposition 


illustrated in Figures 1A and IB does not disrupt the presunption that 


spurs deposited dn a randon nanner, then equation 42 (34) in Section 


2.6.4 can be applied; 


rV' 


Following Zimerman's method ( 3 ^), the first marked deviation fron 


linearity in the radical build-up curve is at 20 Nr ads, so this dose 


corresponds to a value of r - 0.2 in equation 42. The number of spurs 


would equal the number of boxes at 100 Hrads. The majority of spurs 


have 1 to 4 ion pairs ( 8 ) , so assuming 25 electrons per spur and that 


the G (radical) is approximately 0.6 radical/1 OOeV, the formation of a 


spur would be an event dissipating about 400 eV. Therefore, 


100 Nrads X x j , 1 epur 1 

10 " Nrad 1.602(10^^^) erg * 400^ * ■“ 

- 2.0 X lO**^ 


of which tht rooipcoeal «iould b* a apur volima, 4.9 x 10** A^. A apuc 
diaaatar can ba calculated to ba 4S.S A, which ia of the oedac. 
calculated bST SiMeraan (34) for nylon 6, nylon 6,10. and polyoxaaido. 

the value for the diaiMter of a apur obtained by thia calculation 
in higher than the actual value due to ooad>ination of radicala within 
the apura. Theae radical reactiona cauae deviatlona frcei linearity in 
the build iq> curve at a lower doae than the dose at which nonliner ity 
would be cauaed aimply by apur overlap. 

4.4 Radical Decay 

Figurea 8 and 9 show radical concentration versus tine at roon 
temperature plots for electron and ganaa irradiated samples, 
respectively. Both exhibit an initial fast decay followed by an 
apparently much slower decay region, indicating a relatively fast 
reacting species and slow reacting species are present. 

4.4.1 The Q Function 

Figure 10 shows a plot of the Q function derived by Dole (32) 
versus time. The linearity of the plot indicates the decay consists of 
two components, both second order reactions occurring in different 
zones. The equation that defines this line is a sisq>li float ion of the 
general case (Equation 2.49 in Section 2.6.5. 2) in which the slow decay 
component ia assusMd too slow for measurement. 

Figure 11 gives a similar plot for the electron radiated samples of 
doses varying from 10 to 130 Nrads. The initial radical concentration, 
Co, is adjusted in this case by extrapolating a straight line through 
the origin and the 10 Nrad doae data point. 
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rigure 6. Radical concentration versus time at roon tenperatuie for 
TGDOR/ODS samples irradiated at various dosages with 1/2 MaV electrons 
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Figure 9. Radical concentration versus time at room teng>erature for 
T6DNR/D06 samples irradiated at various dosages with 1.33 and 1,17 HeV 
gasna rays. 
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Q m versus tla# for radical decay data of Figure 8. 
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At the lower doses the electron irradiated samples radical 
concentration decay data follow the same Q plot. Table X gives the 
equation and the values of the constants for various doses of the gamma 
and electron radiation. Discrepancies between the data of the two types 
cf radiation could be due to the inhomogeneous placement of spurs and 
the error in estimation dosages and initial concentrations of radicals 
in the electron irradiated samples. 

Furthermore, the Q function would not hold for higher doses as the 
data for electron irradiation suggest. At higher dosages, extensive 
spur overlap would result in the system no longer existing as separate 
zones. The decay data would exhibit simple second order behavior with 
one decay constant due to the homogeneous distribution of radicals. 

This effect would be expected to be more pronounced in the electrion 
irradiated sample because the energy is deposited nonuniformly so spurs 
are more likely to overlap at relatively lower doses than with gamma 


radiation 
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4.4.2 Radical Decay Constants 

The free radical decay constants for the fast decaying species.k^, 

are someshat greater for the lower dose. The slow decaying species 

decay constants, k , were calculated fron the longer tines of decay and 
8 

tend to increase with dose. 

In the case of allyl radicals in polyethylene, the rate constants 
were found to decrease with dose and in the case of FET the rate 
constants increased with dose. Stannett et al (38) concluded this was 
due to crosslinking being the predominate reaction in polyethylene 
limiting polymer chain movement and chain scission predominating at low 
dose rates in FET, which should have a converse effect of increasing 
chain mobility. In Naranong's (3) thesis work an increase in stress and 
modulus of 12% compared with controls of an epoxy composite system with 
TGDDM/DDS as the matrix. The increase in these properties can be due to 
crosslinking reactions. The dosages used in Naranong's study were up to 
5000 Mrads which are orders of magnitude greater than the doses used in 
this study. Decreases in the rate constant, k^, might be due to added 
crosslinking in leas crosslinked regions, causing a slowing of the 
reaction rate as crosslinking increases with dose. 

The second order slow decay constants, k^, indicate a trend of 
increasing with dose which would be characteristic of regions in which 
already have a high crosslink density. Due to the low chain mobility in 
high crosslinked regions, a higher rate of combination would be expected 
as radicals are placed closer to each other due to spur overlap. 


1h« d«cc«ast of with dos* is also charactaristio of saoond order 
kinetics during aultiple sone reactions of which a Model was developed 
by Dole and Xnokuti (30) and reviewed in Section 2. €.3. 2. Mhen averag- 
ing over Many saall separated reactions, the observed reaction rate will 
always be greater than or equal to the ideal rate (the rate In idtieh the 
radicals are honogeneously distributed in the aediua). 

As dose increases, the chance of spur overlap increases Making sooe 
sones larger and the observed rate decreases aK»oaching the value of 
the ideal rate in tdiich there are no separate sones and the systeo is 
hoMogeneous. 

Xbe overall kinetics of the TGDDM/DD6 system can be fit with a 
model describing two simultaneous second order reactions occurring in 
different zones. With increasing dose, the local concentrations in the 
slow decaying sones increase as a separation of the zones is maintained 
resulting with an increase of the observed decay rate constants. The 
decay constant of the fast decaying region decreases with Increasing 
dose because the zones do not remain separate, for they are dispersed in 
regions in the epoxy that are interconnected. These conclusions are 
consistent with evidence that the polymeric network of cured epoxy 
resins contains regions of nonuniform crosslink density (53,54,55,56). 

Prom electron microscopic work (54,55) and IMR studies (56) the 
sizes of the regions of h'gh crosslink density (or nodules) range in 
size from 6 nm to 10 m and are immei^ed in a lower crosslink density 
matrix. TGDGN (MY720) cured with N,N' dimethyl - 1,6 diaminohexane 
(DOR) rather than DDS has been found by Brown and Sandrecyki (53) and 


Lind (56) in BSR spin ptob* and MIR studiM, respactiwely, to contain 
inboK>ganeitias. The aiia of a spur (45 A or 4.5 n«) is «m 11 enough to 
fit exclusively into regions of the site estinated for tha nodules. 

the decay of radicals located in a highly crosslinked nodule vould 
be expected to be extremely aloe due to restricted novenent of chains. 
Spurs located in more aobile regions would be expected to contain 

radicals or ion pairs that would combine at a faster rate. 

* 

Ihe effect of oxygen has been neglected in the above argunents. 
Whether the degassing of the TGDDM and DOS before cute was extensive 
enough, if any oxygen present was reacted during cure, and if diffussion 
of oxygen into (or oxygen present in) the sample effects the radical 
decay is still in question. 


5. Summary 

Cured TGDDM/DDS — samples were subjected to Cobalt 60 gamma rays 
(1.^3 and 1.17 MeV) and 1/2 MeV electrons at doses of 5 to 10 Mrads and 
a 10 to 150 Mrad ranges, respectively. Radical concentrations were 
determined by BSR spectrometer and a DPPH standard sample. From the 
radical concentration versus dose curve for the gamma irradiated samples 
a G (radical) of 0.59 radical/1 OOeV was obtained. Prom the radical 
build-up curve an estimated spur diameter of 45.4 A was determined for 
the 1/2 MeV electron irradiated samples. 


■HUK.I iinii iwvii 
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«h« decay ot radical eonoantration waa obaarvad at rooa taaparatura 

in saaplaa irradiated with 12. 1 and 52 Nrada doaat of Cobalt 60 gawna 

raya and with doaaa ranging £ro« 10 to 150 Nrada of 1/2 MaV alactrona. 

The decay data froa both aaaplea fit a aodal «diich aaauMa two 

aiaultanaoua aacond order raactiona occurring in different lonaa. The 

decay conatanta ranged froa 14.2 x 10“^^ g/ain aplna to 1.07 x 

10”*^/ain apin for the feat decay apeciea and 0.009 x 10“^^ g/ain apin 

« 

to 0.172 X 10”*^ g/ain apin for the alow decaying apeciea. The reaulta 
are conaiatent with electron aicroacopic. and BSR apin probe 

evidence of inhoaogeneoue distribution of regions of high and low 
crosslink density in epoxy resins. 

6. Recoaaendntiona 


For further research, decay studies of epoxy systeno with different 
TGDDN/DDS ratios should be undertaken. The siae of the crosslink 
nodules in epoxies is believed to vary with the epoxy/amine ratio. 

Also, an investigation if oxygen is enhancing the difference in decay of 
the different regions and if there are other effects due to oxygen. 

Also, a study of decay at longer times would obtain a more accurate 
estimate of the slow second order decay constant* 
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Plgur* A-1 


Figures 7 & 8 


Figures 7 « 8 


Figures € 8 9 


Figures 669 


dose* tis«** spins/g dose tiee spins/g dose tis« spins/g dose tlae spins/g 
(ein) * 10“ (Bin) x 10“ (ain) x 10“ (Bin) x 10“ 


8(10) 0 6 B(10) 0 2.7 B(60) | 0 
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E(60) 0 17 B 

B(70) 

B(90) 

B(100) 

B(110) 

B(1S0) 



gsBBs radiation (1.33 and 1.17 MeV) . Bi 1/2 MeV electrons, dosage In Nreds in parenthesis. 

» at SBblent teaperature (not includiro rradiation tiae for 1/2 MeV electron irradiat'd ssaiples) 
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Electron Spin Resonance Studies of Epoxy Samples 
Exposed to 1/2 Mev Electrons e* Ke SCHAFFER, Re De 
GILBERT, Je D. MEMORY, and R. E. FORNES, N. Ce 
State U. --Samples of cured epoxy resin (MY 720/DDS 
Ciba Geigy) have been Irradiated at room tempo ratare 
with 1/2 Mev electrons to dose levels up to 5 x 10 rads. 
These samples were stored at cryogenic temperatures 
following exposure until measurements were ‘made on an 
x-band ESR spectrometer. Under the conditions of meas- 
urements, radical concentrations leveled off around 10 
radicals/cm^e Before irradiation, cured samples showed 
the presence of radicals with concentrations ranging front 
10^''- 10^8 radicals /cm^e The spectra of both cured and 
irradiated resins are asymmetric. Details of the results 
will be given. Estimates of radical decay rates wll also 
be presented as well as ESR measuremenU at 77^ 
eSupported by NASA Grant NSG 1562. 
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